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Thesis Overview 

This thesis consists of 7 chapters and the appendices. Each chapter starts with a summary sheet 
consisting of a title, author list, and summary. If parts or the whole of the chapter has been 
published, the summary sheet details where and when, and my contribution where other authors 
were involved. This thesis covers 2 different topics: the role of actin in DNA repair in both yeast 
and mammalian cells, and the role of a specific phosphorylation site within the yeast checkpoint 
kinase Mec1 in resolving transcription-replication collision and subsequent DNA damage. 

I) The role of actin in DNA repair

Chapter 1 is an introduction to nuclear actin and its role in DNA repair as well as to the
tools used for investigating nuclear actin in different species.

Chapter 2 and 3 are experimental chapters. Chapter 2 elucidates the role of actin in DNA
base repair in yeast, and Chapter 3 describes cytoskeleton-related changes in repair factor
dynamics in mammalian cells. In addition, Chapter 3 contains a short article on laser-
induced photoconversion of the blue DNA dye Hoechst, which was discovered as a false
positive result during the investigation of mammalian repair factor dynamics.

Chapter 4 is the summary and discussion of the findings made in Chapter 2 and 3.

II) A Mec1 phosphosite regulates transcription-replication collision

Chapter 5 is an introduction to the Mec1 DNA damage checkpoint kinase (ATR in human)
and its role in the DNA replication checkpoint.

Chapter 6 is an experimental chapter, which characterizes the specific function of Mec1-
S1991, a phosphorylation site, that regulates both RNAP II and III transcription on
hydroxyurea-induced replication stress to prevent transcription-replication collision.

Chapter 7 discusses the findings made in Chapter 6 and compares them to data that others
have obtained. A final paragraph of this chapter states the importance of my studies.

Finally, the appendices contain a list of abbreviations and the acknowledgments. 
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This thesis includes the following publications (published or in revision): 

Peer-reviewed publications 
Hurst, V.*, Gerhold, C.B.*, Challa, K., Seeber, A., Yamasaki, S., Filipuzzi, I., Teloni, F., 
Bodenmiller, B., Helliwell, S.B., Knapp, B., Stadler, M.B., Altmeyer, M., Harata, M., Shimada, K. 
and S.M. Gasser. “Altered F/G-actin balance disrupts the repair of oxidative DNA damage”, in 
revision in Nature Communications, *equal contribution. 

Hurst, V., Challa, K., Shimada, K. and S.M. Gasser. “Cytoskeleton integrity influences XRCC1 
and PCNA dynamics.at DNA damage” Mol Biol Cell: mbcE20100680. 

Hurst, V. and S.M. Gasser (2019). "The study of protein recruitment to laser-induced DNA lesions 
can be distorted by photoconversion of the DNA binding dye Hoechst." F1000Res 8: 104. 

Hurst, V., Challa, K., Jonas, F., Forey, R., Seebacher, J., Hustedt, N., Barkai, N., Shimada, K., 
Gasser, S.M. and J. Poli. “A regulatory phosphorylation site on Mec1 controls RNAP II and III 
occupancy on chromatin during replication stress.” EMBO J: e108439. 

Review article 
Hurst, V., Shimada, K. and Gasser, S. M. (2019). "Nuclear Actin and Actin-Binding Proteins in 
DNA Repair." Trends Cell Biol 29(6): 462-476. 

2



CHAPTER 1: AN INTRODUCTION TO NUCLEAR ACTIN AND ITS 
ROLE IN DNA REPAIR 
Based on:  

Verena Hurst, Kenji Shimada, and Susan M. Gasser 

Friedrich Miescher Institute for Biomedical Research, Maulbeerstrasse 66, 4058 Basel, Switzerland 

Trends in Cell Biology 2019, Volume 29, pp 462-476. 

Summary 
Actin with its ability to form filaments in a dynamic manner is known as part of the cytoskeleton, 
which ensures essential cellular functions such as intracellular transport, stability, movement, and 
cell division. Besides its life in filaments, the actin monomer exerts essential nuclear functions 
through complexes such as chromatin remodelers and histone acetyl transferases. The role of actin 
in the nucleus has been a topic of scientific debate for decades and is reemerging with newly 
developed techniques for the investigation of nuclear actin. This introduction is based on a 
published review where I summarize findings on the role of filamentous and globular actin in 
nuclear processes, particularly focusing on DNA repair. In addition, I shed light on technical 
problems and the drawbacks of actin detection. 

Author contributions: 

V.H. wrote the manuscript and designed the figures, K.S. and S.M.G. revised the manuscript.
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Actin: a filament forming protein 

Actin is a globular 42 kDa protein discovered in the 1940s in the Szent-Gyorgyi Lab by Ilona 
Banga and Bruno Straub (Ranek et al., 2011). The lab studied rabbit muscle contraction and 
characterized the protein content of a viscous rabbit muscle extract (Ranek et al., 2011). Straub 
found that actin existed in two forms, globular (G-actin) and filamentous (F-actin) (Ranek et al., 
2011), a finding, which is considered the most important characteristic of actin today. Years later, 
it was established that actin is not only present in muscle cells, but also in somatic cells of multiple 
species (Hatano and Oosawa, 1966).  

Crucial to actin’s cellular roles, such as stability, mobility, transport, and cell division (Dominguez 
and Holmes, 2011), is its G/F-actin equilibrium and how the equilibrium is regulated on multiple 
levels. Actin polymerization requires ATP-charged globular actin (G-actin), which is added at the 
plus end of the filament (growing end), while ADP-actin is released from the minus end of the 
filament (shrinking end) (Dominguez and Holmes, 2011).  
Simplified, actin dynamics are controlled by two factors: 1) the concentration of free 
polymerization-competent actin in a cellular compartment, and 2) a cell’s energy status. Both these 
factors are connected because transport of actin in complex with actin binding proteins and 
thereby their concentration in a compartment is partially dependent on energy-driven transport, 
such as RanGTP gradient-dependent transport across a membrane (Stuven et al., 2003). In turn, 
the concentration of actin binding proteins alters the amount of actin available for polymerization. 
The actin filament network is regulated by actin binding proteins, which alter actin dynamics at 
the plus or minus end, as well as the conformation of the whole actin network by altering or 
promoting branching with a characteristic angle, such as Arp2/3 (Pollard, 2007; Virel and 
Backman, 2004). Actin binding proteins regulate actin filaments by either counteracting or 
promoting filament growth. They counteract growth by sequestration of G-actin or direct plus end 
binding, and promote filament stability by capping the minus end and further severing mechanisms 
(Dominguez and Holmes, 2011). Examples for actin-binding proteins are thymosin β-4 and 
profilin, which sequester globular actin and contribute to keeping about 50% of cell’s actin 
unpolymerized, cofilin, another actin depolymerizing factor, and members of the gelsolin 
superfamily such as adseverin, which promote filament stability (Dominguez and Holmes, 2011; 
Silacci et al., 2004). 

Figure 1.1. Treadmilling: the 
key to actin dynamics. ATP-
loaded actin monomers are 
added to the growing end (plus 
end) of the actin filament, while 
ADP-actin is released from the 
shrinking end (minus end).  
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Actin is present in the nuclear compartment 

Though in most situations and most cell types a larger fraction of actin is located in the cytoplasm, 
actin is present and does have functions in the nuclear compartment as well, particularly as part of 
larger complexes, such as chromatin remodelers (Vartiainen, 2008; Visa and Percipalle, 2010). 
Actin, in complex with its binding factors, such as profilin and cofilin can be transported across 
the nuclear membrane in an energy-dependent manner. The transport receptor for nuclear actin 
export is Exportin-6, which has high affinity to cofilin-actin complexes (Stuven et al., 2003), and 
as a receptor for nuclear actin import in complex with profilin, Importin-9 has been identified 
(Dopie et al., 2012).  
Under specific circumstances, actin can form filaments in the nucleus. Such circumstances are 
exogenic stimuli, like serum stimulation (Treisman, 2013; Vartiainen et al., 2007) or endogenic 
insults like DNA damage (Belin et al., 2015). Some species contain more nuclear actin than others. 
One extreme example is the large germinal vesicle of Xenopus, which has high levels of nuclear 
actin. Xenopus oocyte nuclei lack actin export, which leads to nuclear actin accumulation and the 
formation of a nuclear actin network, that helps stabilize its giant nucleus (Bohnsack et al., 2006). 

What is an actin-related protein? 

Actin-related proteins (ARPs) are a family of highly conserved proteins resembling actin in 
structure (Fenn et al., 2011b; Szerlong et al., 2008). Compared to actin they cannot form filaments 
(Fenn et al., 2011b) but they can form dimers with one another, such as Arp2 and Arp3 (Boldogh 
et al., 2001; Pollard, 2007), or with actin in way similar to how one actin monomer would bind 
another one (Fenn et al., 2011b; Szerlong et al., 2008). ARPs have been found to be present in the 
nucleus 20 years ago (Harata et al., 2000) and meanwhile a variety of nuclear functions have been 
assigned to them (Dion et al., 2010). An important nuclear ARP is ACTL6 (BAF53)/Arp4, which 
is found in complex with actin. The Arp4-actin subcomplex is incorporated into larger complexes, 
such as the chromatin remodeler INO80 (Fenn et al., 2011a), BAF or BRG1 (Nishimoto et al., 
2012) and histone acetyl transferase complexes such as TIP60/NuA4 (Doyon et al., 2004). 
Another well-known ARP complex with important function to actin in both the cytoplasm and 
the nucleus is Arp2/3, a complex activated by WASP/Las17, which is involved in actin filament 
formation and branching. In the cytoplasm this complex together with actin plays a major role to 
yeast endocytosis (Duncan et al., 2001) and in the nucleus of mammalian cells it has been found 
to bind DNA breaks (Sadhukhan et al., 2014; Schrank et al., 2018). 

Nuclear actin in transcription, replication, and repair 

One of the best characterized roles of nuclear F-actin is the regulation of transcription factor 
transport during the cellular response to serum stimulation. Upon serum stimulation, transient 
intranuclear filaments form to regulate transcription through a signaling cascade that is partially 
known (Posern et al., 2002; Treisman, 2013; Vartiainen et al., 2007). Myocardin-related 
transcription factor A (MRTF-A), an activator of serum response factor (SRF) target genes, 
shuttles between the nucleus and the cytoplasm in complex with G-actin (Vartiainen et al., 2007). 
Upon serum stimulation, actin filaments are formed inside the nucleus, which leads to 
sequestration of free G-actin for MRTF-A export (Vartiainen et al., 2007). Thus, MRTF-A 
accumulates in the nucleus to activate SRF target genes (Vartiainen et al., 2007). The upstream part 
of this signaling cascade, however, is less clear. 
More recent findings add the aspect of RNAPII clustering to the nuclear F-actin aspect of the 
response to serum stimulation (Wei et al., 2020), and similar observations have been made for the 
Wnt signaling pathway (Yamazaki et al., 2016). The transcriptional activity of β-catenin is regulated 
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in a nuclear actin-dependent manner (Yamazaki et al., 2016), suggesting that this type of 
mechanism is not restricted to one signaling pathway. 
These findings plus another one on actin in RNAPII positioning raise the question whether actin 
as a component of chromatin remodelers and histone acetyl transferases (HATs) is involved in 
transcription regulation indirectly. Studies in yeast show that an actin point mutation (A58T) 
phenocopies the transcriptome of a strain depleted from an essential subunit of the Ino80 
chromatin remodeling complex (Kapoor et al., 2013), suggesting that this actin point mutation 
renders the remodeler it is incorporated into, non-functional, and alters transcription indirectly.  

Compared to the role of actin in transcription, its role in replication is less studied but a couple of 
findings implicate actin in replication as well. A recent study in Xenopus proposes that actin 
dynamics are essential for the initiation of DNA replication (Parisis et al., 2017). Earlier studies 
have shown that early replicating chromatin can be stained with an actin antibody (Fidlerova et al., 
2005). Like for transcription, the effect of actin through chromatin remodelers has not always been 
considered though remodelers are essential regulators of DNA replication (Ehrenhofer-Murray, 
2004; Falbo and Shen, 2006; Falbo and Shen, 2012; Niimi et al., 2012). Appropriate controls may 
be performed in futures studies. 

Figure 1.2. Actin in the Nuclear Compartment. In vertebrate cells, actin is actively imported into the 
nucleus by Importin-9 and is exported by Exportin-6. Inside the nucleus, actin binds to diverse proteins 
and is incorporated into larger complexes like chromatin remodelers. Nuclear actin filaments form 
transiently in a conditional- and species-specific manner and may bind either the nuclear pore or the nuclear 
lamina. The processes in which nuclear actin has been implicated include transcription, DNA replication 
and DNA repair. 

Curiously, recent studies prove a role for nuclear actin in DNA repair (Andrin et al., 2012; Belin 
et al., 2015). Two studies using the latest imaging tools for nuclear actin suggested that actin is 
involved in DNA double strand break repair (Caridi et al., 2018; Schrank et al., 2018). One of the 
two found that in Xenopus oocyte extracts actin and actin binding proteins bind damaged chromatin 
(Schrank et al., 2018). Further investigation in mammalian cells showed that the actin binding 
proteins WASP and the ARP2/3 complex can be pulled down from enzymatically-induced double 
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strand breaks (DSBs), that undergo homology-directed repair (HDR) but not from breaks 
undergoing nonhomologous end joining (NHEJ) (Schrank et al., 2018). Because NHEJ comes 
with little end processing and low chromatin mobility while HDR requires resection and comes 
with enhances chromatin mobility, the authors propose a model in which actin helps generate 
ssDNA to promote HDR. An alternative interpretation of their data, given their supplemental data 
showing that other types of resection-dependent repair require WASP and ARP activity as well, is 
that only the step of resection is WASP/ARP2/3/actin-dependent.  
A second role in repair concerns the possibility that actin is involved in chromatin movement 
during the translocation of heterochromatic DSB to the nuclear periphery for repair by HDR 
(Caridi et al., 2018). The authors provide data from Drosophila cells as well as mammalian cells 
indicating that break translocation to the nuclear periphery requires intact myosin, myosin 
chaperones as well as the ability to form actin filaments (Caridi et al., 2018). Compared to the study 
discussed above, the authors do not monitor repair steps but only look at chromatin localization. 
This shows the involvement of actin and myosin in chromatin localization and does not rule out 
an effect from the cytoplasmic side of the nuclear membrane through changes in chromatin 
anchoring. 
These studies led us to expand our findings on the influence of actin polymerization in yeast base 
excision repair (BER) to mammalian cells. Both our study in yeast and our findings in mammalian 
cells will be described in the following chapters. 

Techniques for nuclear actin detection 

The intention to study the role of nuclear actin in DNA repair in mammalian cells made us explore 
the tools that other scientists were using for such analysis. Testing the tools, we realized that most 
of them have major drawbacks, to the extent that the interpretation of some of the data obtained 
with these tools is questionable. The attempt to interpret the findings on DNA repair in the 
literature at the beginning of our studies always collided with the unclarity that comes with the 
tools used, which is why we wrote a review on the methodologies and pitfalls of studying nuclear 
actin. Major problems with data interpretation that we identified arise from the following 
assumptions: 1) That actin point mutation only alters the known function of actin to form 
filaments, 2) that tools for actin visualization do not interfere with actin metabolism, and 3) that 
findings on nuclear processes must be influenced by nuclear actin, while cytoplasmic actin is solely 
working on cellular transport. Evidently, these assumptions are wrong and lead to bias in the 
nuclear actin field. This does not mean that all nuclear actin studies are faulty, but it means 
alternative ways to interpret data are possible. Efforts to rule them out have often not been made. 

Nuclear actin staining versus live imaging 

Live imaging is a powerful tool because transient events and the kinetics of a phenomenon can be 
captured. This is not the case for the staining of fixed cells where a relevant time point for a 
transient event can be missed. Because actin is much less abundant in the nucleus compared to the 
cytoplasm, the visualization of actin in the nucleus is challenging. Tools being used for nuclear 
actin live imaging are domains of actin binding proteins or antibodies tagged with fluorophores 
and a nuclear localization sequence (Melak et al., 2017). Like for any live cell reporter used in 
research, an interaction with the target molecule, actin in this case, is required. The fact that these 
detector molecules are ectopically expressed and nuclear localized means that they may perturb 
the native situation. Optimally, the affinity to the protein of interest and the expression level of 
the reporter is low. F-actin reporters come with the risk of stabilizing filaments or perhaps even 
creating actin filaments by recruiting actin to the nucleus and altering the cytoplasmic-nuclear G-
actin equilibrium. Thus, F-actin abundance in presence of a nuclear F-actin reporter may in some 
cases simply reflect nuclear actin concentrations above the critical concentration for 
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polymerization. It has been shown that actin live detection tools indeed do induce the formation 
of different polymeric actin structures (Du et al., 2015). Nuclear G-actin detection on the other 
hand, comes with the risk of sequestering G-actin and blocking actin interaction sites required for 
incorporation into nuclear complexes such as chromatin remodelers. 
These drawbacks can be circumvented by validating findings from live cell reporters in native cells, 
which have been stained post fixation with actin probes such as antibodies, natural toxins 
(phalloidin), synthetic bicyclic peptides (Raphael et al., 2020), or a purified version of the live probe 
used.  

Figure 1.3. Nuclear Actin Reporter. To dynamically monitor actin in the nucleus, actin-binding 
domains/antibodies tagged with a fluorophore are expressed in living cells. At low levels, they can capture 
transient filaments and discover new functions of nuclear F-actin. To exclude artificial filament induction, 
findings with live reporters should be validated by post-fixation staining on native cells with established 
probes such as phalloidin.  

Clearly, the use of imperfect reporters is better than having no means to monitor nuclear actin in 
living cells, and there are several examples in which such reporters have led to valid findings. One 
is the discovery of transient nuclear actin filaments at mitotic exit (Baarlink et al., 2017). In this 
study, cell lines stably expressing a fluorophore-tagged actin antibody at low levels have revealed 
transient nuclear actin filaments at mitotic exit, which can be found by high resolution microcopy 
in nuclei of native cells stained with phalloidin as well (Baarlink et al., 2017). Notably, the length 
and diameter of the filaments obtained with and without the probe differ slightly, which is expected 
regarding the interaction of the antibody with the actin filament.  

Actin mutation at specific sites 

Mutating actin to alter binding interfaces is a classic approach used to demonstrate function in vivo. 
However, since actin has plenty of interactors, and is involved in a great number of cellular 
processes directly or indirectly, such a mutation will likely not be specific and will affect more than 
one process. Two types of mutations are used in the literature to determine whether nuclear actin 
acts as a filament on a particular process or not. The actin mutations used either block filament 
formation (G13R or R62D) or lead to filament stabilization (S14C or V159N) (Posern et al., 2002). 
Indeed, nuclear processes blocked or promoted by these actin mutations allow the assumption of 
filamentous actin being involved but do not rule out the influence of another process, which 
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requires actin interaction with another factor at the mutated interface. Nor does a mutation 
distinguish between nuclear and cytoplasmic actin. This possibility is often not considered. The 
mutation of forms of actin that are exclusively nuclear (e.g., NES mutants in yeast) may be a way 
to avoid this problem. 

Modulation of nuclear transport receptors 

The import of actin into the nucleus and its export out of the nucleus occurs by the transport 
receptors Importin-9 and Exportin-6, respectively (De Corte et al., 2004; Dopie et al., 2012; Stuven 
et al., 2003). The knockdown or deletion of these receptors allows studying the change of nuclear 
processes upon altered nuclear actin levels. Such a strong shift of actin into or out of the nucleus 
is a robust perturbation that will likely show if actin is required for a process in the nucleus. After 
an initial observation, the findings will have to be validated by other methods and more specific 
perturbations. Based on what is known, Exportin-6 is actin-specific (Stuven et al., 2003), while 
Importin-9 binds further cargo proteins (Jakel et al., 2002). Some cells naturally lack Exportin-6, 
such as Xenopus oocytes providing an attractive option for the study of nuclear actin (Bohnsack et 
al., 2006). Another option could be to work with transient or partial decreases of nuclear actin 
transporters. 

Further tool development 

In conclusion, the challenges associated with studying nuclear actin are that actin is in constant 
exchange between the nuclear and the cytoplasmic compartment and that the influence of 
cytoplasmic actin on a nuclear process is hard to distinguish from the direct role of actin inside the 
nucleus. Moreover, actin is involved in many cellular processes, both directly and indirectly, such 
that any actin perturbation causes a cascade of unspecific events. 
A vast body of literature shows that actin is involved in nuclear processes like transcription, 
replication, and DNA repair, while mechanisms are not always clear and alternative hypothesis are 
often not considered. For instance, actin might affect these processes indirectly through its 
presence in chromatin remodelers and histone acetyl transferases or by directly binding 
polymerases and transcription factors. The study of indirect remodeler effects seems 
underrepresented in research focused on processes other than remodeling such as transcription, 
replication, and repair. 
The nuclear actin field has progressed from old techniques like subcellular fractionation to 
intranuclear visualization of actin. To me, the new visualization tools seem crucial to recent 
findings, which would not have been possible the decade before when these tools were not 
available. Yet, visualizing nuclear actin is not sufficient to robustly understand its function. Crucial 
to investigating its function are means for specific manipulation and a process-specific readout. 
Therefore, I propose that advances in nuclear actin research will plateau after the peak caused by 
newly emerging imaging tools.  

Two ways towards more clarity and specificity may be 1) advanced in vitro methods reconstituting 
cellular compartments or whole processes with a defined set of factors present and a clean readout 
to validate in vivo findings, and 2) the adoption of genetic techniques used in the study of complex 
metabolic pathways. For example, one can design a slightly altered actin with unperturbed 
properties for the process of investigation and make a compensatory alteration in its binding 
protein. The technique would allow one to investigate the impact of a specific interaction interface 
defect on a process. Those mutant proteins may be tagged with localization sequences for only 
one cellular compartment or depletion of transport receptors. 
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Review

Nuclear Actin and Actin-Binding Proteins in
DNA Repair

Verena Hurst,1,2 Kenji Shimada,1 and Susan M. Gasser1,2,*

Nuclear actin has been implicated in a variety of DNA-related processes includ-
ing chromatin remodeling, transcription, replication, and DNA repair. However,
the mechanistic understanding of actin in these processes has been limited,
largely due to a lack of research tools that address the roles of nuclear actin spe-
cifically, that is, distinct from its cytoplasmic functions. Recent findings support a
model for homology-directed DNA double-strand break (DSB) repair in which a
complex of ARP2 and ARP3 (actin-binding proteins 2 and 3) binds at the break
and works with actin to promote DSB clustering and homology-directed repair.
Further, it has been reported that relocalization of heterochromatic DSBs to the
nuclear periphery in Drosophila is ARP2/3 dependent and actin–myosin driven.
Here we provide an overview of the role of nuclear actin and actin-binding pro-
teins in DNA repair, critically evaluating the experimental tools used and potential
indirect effects.

Nuclear Actin: Globular and Filamentous Forms
Actin is an essential, 42-kDa globular protein that can assemble into dimers or long polymers
[1,2]. Actin was discovered in 1941–1942 by Brúnó Straub and Ilona Banga in rabbit skeletal
muscle extracts and was shown to be required for myosin-mediated contraction in muscle
[3–5]. Two decades later, actin was shown to be present in non-muscle cells as well [6]. It is
now recognized as an abundant, ubiquitously expressed protein that is crucial for many
aspects of cell shape, motility, phagocytosis, vesicular transport and for the formation of the
contractile ring that separates daughter cells after nuclear division [7,8].

To drive these cellular processes, actin filaments (F-actin) are highly dynamic. At the ‘barbed’
(+) end of actin filaments, ATP-charged globular actin (G-actin) monomers are added, whereas
at the ‘pointed’ (-) end ADP-charged G-actin monomers are released [9]. Actin monomer ad-
dition to and release from the filament ends is regulated by a variety of G- and F-actin-binding
proteins such as gelsolin, CapG, CapZ, profilin, cofilin, thymosin β-4, and formin [9–11]. Addi-
tionally, a number of factors bind on the side of the filament, triggering or supporting
branching, such as α-actinin, filamin, and the ARP2/3 complex [12,13]. Whereas the vast ma-
jority of actin is cytoplasmic, there is also a nuclear actin complement [14,15] (Figure 1). In the
nucleus, actin is most commonly found in complex with an ARP, an interaction that can impair
the polymerization process [16]. In complex with other proteins like cofilin and profilin, actin is
actively transported into and out of the nucleus by importin-9 (IPO9) and exportin-6 (XPO6),
which are its dedicated import and export factors in mammalian cells. These two receptors
are members of the importin β superfamily and mediate unidirectional cargo transport based
on a RanGTP gradient across the nuclear membrane [17–19]. This allows the cell to tightly
control the nuclear actin pool.

The predominant form of actin in the cytoplasm, polymerized actin filaments, is detected far less
frequently in the nucleus, at least in somatic or vegetatively growing cells [20]. Nonetheless, under
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certain conditions transient nuclear actin filaments have been observed; for example, during
serum stimulation [14,21,22], in early G1 phase as cells exit mitosis [23], and following DNA dam-
age [7,24]. An exception to the rarity of nuclear F-actin is the germinal vesicle of amphibian oo-
cytes, a very large nuclear compartment that contains the genome along with a reserve of
proteins needed during the rapid rounds of DNA replication after fertilization. In this phase of am-
phibian embryogenesis, the actin export receptor XPO6 is not expressed and an intranuclear
actin scaffold forms to stabilize the germinal vesicle [25,26]. This highly cross-linked intranuclear
meshwork of actin filaments is not observed in somatic cell nuclei under physiological conditions.

In somatic cells, nuclear actin primarily acts in complex with other proteins (Table 1), com-
monly with members of a highly conserved family of ARPs. The dimerization of actin with
BAF53/ARP4 forms an essential subcomponent of several related multisubunit nucleosome
remodelers, including the complexes called SWI/SNF (or BAF), INO80, and SRCAP/SWR1
[27,28], and the combined remodeler/histone acetyltransferase complex TIP60/NuA4. The
actin-dependent remodeling activity of these complexes [29,30] can impact transcription
[31,32], DNA replication [33–35], and DNA repair [36–39] and may also play a role in chroma-
tin decondensation during mitotic exit [23]. Finally, it has been argued that actin regulates
RNA and DNA polymerases directly [40–43]. In DSB repair, actin is thought to be involved
in both the clustering and the movement of damaged DNA, acting together with ARP2/3
[24,44]. Given that ARP2/3 are not components of remodelers, these results suggest an al-
ternative means for actin to influence nuclear function. Here, we critically examine the evi-
dence that supports a direct role for actin and its partners in DNA repair, beyond
nucleosome remodeling or modification.
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WASP/ARP2/3

+

Nucleus
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Chromatin remodeling
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ACTL6A (Arp4)MKL1
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Figure 1. Actin in the Nuclear Compartment. Actin is actively imported into the nucleus by importin-9 and is exported by
exportin-6. In the nucleus, actin binds to diverse proteins (Table 1) and is incorporated into larger complexes like chromatin
remodelers. Nuclear actin filaments form in a situation- and species-specific manner [23,25] and may bind the nuclear pore
[24]. F-Actin adapted from [130].
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Because the presence of actin filaments in somatic cell nuclei is a controversial topic, we first re-
view the molecular approaches that have been used both to identify nuclear actin and to examine
its function. As the vast majority of actin is cytoplasmic, it is difficult to use genetics to assess its
nuclear functions; mutations in actin could easily modify both cytoskeletal and nuclear functions,
in different ways. A biochemical approach based on cell fractionation also proved difficult, be-
cause the cytoskeleton is very insoluble. Cell fractionation artifacts led critical scientists to ques-
tion whether the detection of actin in nuclear fractions was not simply cytosolic contamination [4].
For some, it was identifying actin as a specific cargo of the nuclear export factor XPO6 [17] that
argued convincingly that nuclear actin levels could be tightly controlled [18,72–74] and therefore
might be physiologically relevant. Nonetheless, progress on identifying precise functions for nu-
clear actin has been difficult, because it is hard to visualize the relatively weak nuclear actin signal
against a bright cytoplasmic background. It is also difficult to ensure that nuclear deficiencies
linked to actin alteration stem directly from the loss of a nuclear actin function, rather than from
indirect changes in the cytoskeleton that affect nuclear function through the nuclear envelope-
spanning LINC protein complex. The LINC complex sits in the lumen of the nuclear envelope
and physically connects the cytoskeleton to the nuclear interior [75].

Table 1. Selection of Actin-Binding Proteins and Their Functions in the Nucleus

Category Actin-binding protein Function Refs

Tool for nuclear actin
visualization

tRNA(Thr)-methyltransferase
(S.c. Abp140)a

Part of cytoplasmic and nuclear F-actin live probe ‘LifeAct’ [45,46]

Utrophin (UTRN) F-actin-binding part used for nuclear F-actin live probe ‘Utr230-EN’ [47,48]

Deoxyribonuclease-1 (DNASE1) Used for G-actin staining [21,49]

Direct role in repair ARP2/3 Actin-nucleating complex, drives clustering of DSBs, involved in transcription
regulation

[11,50]
[41,44]

ARP2/3 complex subunit 2/4
(ARPC2/4)

Subunits of ARP2/3, present on damaged chromatin [44]

Myosin-1/5 (MYO1/5) Chromosome movement, relocalization of heterochromatic DSBs [51,52]
[24]

F-actin-capping protein subunit
beta (CAPZB)

Actin-capping protein, present on damaged chromatin [44]

WASP Activates ARP2/3, involved in DSB clustering and transcription regulation [44]
[41,53]

Indirect role in repair Actin-like protein 6A/BAF53
(S.c. Arp4)a

Part of chromatin remodelers and the histone acetyltransferase NuA4/TIP60 [16,54,55]
[56,57]

ARP5 Part of the INO80 chromatin remodeler, involved in DNA repair [58–61]

ARP8 Part of the INO80 chromatin remodeler, nucleosome recognition, involved in
DNA repair

[16]
[60,62]

Nuclear actin
binder/nucleator

Cofilin (CFL) Required for import of actin into the nucleus, regulates transcription, controls
actin status

[18,63]
[11,23,63]

Profilin (PFN) Catalyzes exchange of ADP for ATP, profilin-actin as main cargo of nuclear
export receptor XPO6

[11]
[17,64]

Thymosin β-4 (TMSB4) Strongly binds nuclear ATP-actin [11,65]

Formin-2 (FMN2) Nuclear actin nucleator, regulates cell cycle inhibitor p21 [7,66,67]

Protein spire homolog 1/2
(SPIRE1/2)

Nuclear actin nucleator [7,66]

Regulates transcription Myocardin-like protein 1
(MKL1/MAL)

Actin-regulated transcriptional coactivator of SRF, RPEL domain used for
G-actin live probe

[21]
[48,68]

Gelsolin family members (GSNs) Transcriptional coactivators [69–71]

aS.c., Saccharomyces cerevisiae.
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Here we summarize recent results pointing to a specific role for actin in DSB repair after a survey
of the molecular and cellular tools used to study nuclear actin. We illustrate how these have ad-
vanced the field, but also highlight their limitations.

Tools for Investigating Nuclear Actin
In the early days of nuclear actin research, cell fractionation was commonly employed to substan-
tiate actin localization. However, the overwhelming abundance of cytoplasmic actin made
contamination-free nuclear purification hard to achieve. Moreover, biochemical approaches
were hampered by the fact that cytoplasmic actin filaments collapse around nuclei during cell
washes [4]. On the one hand, it was shown that collapsed actin filaments sediment with chroma-
tin unless the cells are treated hypotonically prior to lysis [76], while on the other hand, placing
cells in the cold seemed to contribute to F-actin disassembly [77]. Finally, salt-containing buffers
induce the spontaneous polymerization of actin, favoring precipitation. Collectively these caveats
argued against the use of fractionation to study nuclear actin.

Actin Staining in Fixed Cells
Whereas the actin cytoskeleton is readily visible by fluorescent staining, detecting the nuclear
actin signal above that of cytoplasmic filaments is tricky. Fluorophore-tagged phalloidin labels
actin filaments specifically in permeabilized, fixed cells, giving strong, predominantly cytoplasmic
signals [78–81]. To detect weaker signals in nuclei, some groups have used stochastic optical re-
construction microscopy to bypass the cytoplasmic signal [23,82]. Another probe used to detect
nuclear monomeric or G-actin is labeled DNase I, a serum deoxyribonuclease [49]. DNase I binds
to ATP-G-actin with high affinity, although it also binds F-actin [83,84], DNA [85,86], and other
proteins [87]. In conclusion, neither reagent is highly efficient for the study of nuclear actin.

The fact that actin assumes unique conformations in complex with different binding partners
(e.g., as part of chromatin remodelers [54]) suggested a means to detect nuclear actin selectively
in specific complexes. Conformation-specific antibodies have been developed to stain actin in
complex with specific partner proteins [88]. To date the number of such antibodies and their suc-
cessful application is very limited, yet conformation-specific actin antibodies were reported to
identify distinct complexes and reveal unique localizations for subcomplexes both inside and out-
side the nucleus in mammalian cells and plants [89,90].

Monitoring Actin in Living Cells: Not As Easy As It Would Seem
Multiple fluorophores have been fused to actin directly with varying impact on cell function. Actin
tagged on its N terminus with enhanced yellow fluorescent protein (EYFP) can be incorporated
into cytoplasmic actin filaments in renal proximal tubule cells and reportedly does not change the
actin cytoskeleton or alter gross cellular morphology [91], despite constituting up to 5% of total
actin protein and increasing monomer size (in molecular mass) by 40%. GFP-tagged actin and
Alexa Fluor 488-actin are imported into the nucleus at similar rates as measured by fluorescence
recovery after photobleaching (FRAP) [18], suggesting that the presence of bulky tags does
not prevent nuclear import. Another study, however, found that the overexpression of EYFP-NLS
(nuclear localization signal)-actin led to mitotic defects and the generation of micronuclei [92],
suggesting that the fusion is toxic at high concentration. Therefore, if endogenously labeled actin
is used to score nuclear function, actin fusion proteins must be expressed at low levels and side
effects need to be monitored.

The caveats of fluorescently tagged versions of actin led to the implementation of fluorophore-
and NLS-tagged actin-binding proteins expressed in living cells, to label actin indirectly
(Figure 2). Commonly used nuclear F-actin-binding probes are the nuclear actin chromobody,
Utr230-EN, and LifeAct-NLS. Utr230-EN binds F-actin with the first 230 amino acids of utrophin
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[48]. LifeAct is derived from the first 17 amino acids of the Saccharomyces cerevisiae F-actin-
binding protein Abp140 [45] and the actin chromobody is a single-domain antibody that recog-
nizes actin [93]. Both are expressed in living cells fused to an NLS. While highly popular, the ex-
pression of these fluorescent actin-binding probes in living cells is artifact-prone. Both nuclear
LifeAct and Utr230-EN can artificially sequester actin in the nucleus to increase actin concentra-
tion and thereby induce stable nuclear actin fibers and other aggregates [46]. This means that the
nuclear actin filaments detected by LifeAct or Utr230-EN could be nonphysiological or induced by
the nuclear localized probes themselves.

Recent studies have used the nuclear actin-binding chromobody to monitor the appearance and
disappearance of nuclear actin filaments on mitotic exit [23]. The filamentous nuclear signal was
also detected by phalloidin and super-resolution microscopy on fixed native cells [23]. In this
case, the filaments are likely to be physiological. However, the appearance of transient filaments
does not necessarily correlate with function. Therefore, the careful quantification of filament fre-
quency under a range of conditions that test mechanism is needed to prove function.

R1-EN, a live probe developed to study nuclear G-actin, comprises the actin-binding RPEL1 do-
main of a transcriptional coactivator of serum response factor (MKL1), fused to enhanced green
fluorescent protein (EGFP)-3×NLS [48]. The probe localizes to nuclear speckles in an actin
binding-dependent manner [48]. However, structural studies indicate that RPEL1MKL1 binds
actin in a hydrophobic cleft that is commonly used by actin-binding proteins [68]. This suggests
that R1-EN may cause artifacts due to competition with other actin binders. Again, low-level ex-
pression, and low actin affinities, should be used to minimize artifacts.

Actin Mutations That Affect Filament Formation: Targeting the Nucleus
Although actin is encoded by an essential gene, multiple stable actin point mutations exist and
have been exploited in a range of model systems. In yeast, actin has been extensively
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Figure 2. Nuclear Actin Live Reporter. To dynamically monitor actin in the nucleus, actin-binding domains/antibodies tagged with a fluorophore are expressed in living
cells [48,82]. At low levels, they can capture transient filaments and discover new functions of nuclear F-actin [23,24]. To exclude artificial filament induction, findings with
live reporters should be validated by post-fixation staining on native cells with established probes such as phalloidin.
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mutagenized and suppressors of actin mutations have also been isolated [94,95], yielding in-
formation on physiological actin ligands. A study on serum response factor (SRF)-regulated
transcription in mammalian cells using previously identified actin mutations shows that a
G13R or R62D mutation in actin renders the protein incompetent for polymerization whereas
S14C and V159N stabilize actin filaments [96]. In other studies, mutant proteins have been
tagged with an NLS with the goal of investigating the role of G- and F-actin specifically in
the nucleus [23,24,97]. Unfortunately, the results obtained with these mutants are interpreted
with respect to the prevention or stabilization of nuclear filaments, and their impact on G-actin
and its nuclear partners in actin-containing remodeling complexes is largely ignored. Even
when a mutation favors the formation of nuclear F-actin, it could simultaneously alter the incor-
poration of G-actin into complexes or change actin’s ability to bind transcriptional coactivators
like MKL1. These indirect effects could trigger phenotypes that might have been inappropri-
ately attributed to nuclear F-actin. In the study on SRF mentioned above [96], the authors
do discuss both options; that is, that S14C and V159V actin activate SRF either through
F-actin filament formation or by compromising their corepressive function with SRF, indepen-
dently of filament formation.

In S. cerevisiae there is clear evidence showing that actin point mutations affect the functionality of
actin-containing complexes. For instance, the act1-2 (A58T) mutant phenocopies the ino80Δ
remodeling-deficient strain [29] and an act1-136 (D2A)mutant impairs the function of the NuA4 his-
tone acetyltransferase [28]. The actin mutation impairment of chromatin remodeling can impact a
range of downstream processes, the repercussions of which should not be assumed to reflect
the involvement of actin itself. A similar argument holds for actin mutations that alter the concentra-
tion of actin in the nucleus by interfering with its nuclear export signal [98]. In this case, as well, phe-
notypes may stem from altered complex formation and not only from altered localization.

Taking these findings together, we underscore the caution needed for correct interpretation of the
phenotypes arising from nucleus-targeted actin mutants. Nonetheless, using nuclear actin
mutants allows for more specific interpretation than the use of drugs like latrunculin A or B
(LatA/B), which affect actin polymerization throughout the cell. Suppressor mutant screens and
separation-of-function mutations may be used to confirm that the observed phenotypes stem
from nuclear F-actin function.

Modulation of Transport Receptors: The Effects of Actin Distribution
Another means to investigate the roles of nuclear actin is to modulate its import and export rates.
In higher eukaryotes, actin is transported into the nucleus by IPO9 [18] and out of the nucleus by
XPO6 [17]. The absence of XPO6 in Xenopus oocytes naturally led to increased amounts of nu-
clear actin [25], as did the depletion of XPO6 inDrosophila cells [17]. Consistently, depletion of the
importin IPO9 led to decreased nuclear actin levels [18]. Interpretation of the effects of
translocators depends largely on their specificity for actin. The main cargoes of XPO6 are actin
and actin-binding proteins [18], as detected by mass spectrometry after pulldown with XPO6
beads from HeLa cells extracts [17]. In contrast, IPO9 imports ribosomal proteins [99] and poten-
tially histones [100], as well. Thus, the knockdown of XPO6 is more actin-specific than that of
IPO9, although elimination of either could influence the concentration of factors other than actin
in the nucleus. This can have unexpected effects that are unrelated to actin function.

Investigating the pool of nuclear G-actin as opposed to polymerized nuclear actin and/or actin in
nuclear complexes is challenging, and may be impossible for several reasons. Nuclear actin rap-
idly switches between its free and bound form with t0.5 FRAP values that range from 4 min
(assigned to polymeric actin) to 30 min (assigned to actin bound in complexes) [14]. Conse-
quently, actin perturbation by drug treatment or expression of a mutant actin form will
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unintendedly affect 50% of all nuclear actin-containing complexes by 30 min. Thus, it is difficult
to assign a change to nuclear actin or to G-actin, F-actin, or a larger actin-containing complex
that can influence a large range of events (e.g., transcription, replication; DNA repair; Figure 3).
One control that should be used in this context is to inactivate these complexes with catalytic
site mutations or inhibitors and to combine them with actin modulation, to see if the phenotypes
are epistatic.

The Role of Nuclear Actin in DNA Repair
Biochemical studies have shown that actin can associate with several DNA damage and repair
factors [101], yet it remains unclear how actin promotes repair mechanistically. Two recent stud-
ies suggest a role for actin in the positioning of DSBs, while facilitating resection- and homology-
dependent repair (HDR). Here, we review the in vivo and in vitro data that link actin and DNA dam-
age in various organisms, pointing out pitfalls in some of the interpretations.

Guilt by Association: Repair Factors That Interact with Actin
Using Xenopus oocyte extracts, one study recovered F-actin interactors by pulldown with
phalloidin beads and identified a range of nuclear proteins and repair factors by mass

TrendsTrends inin Cell BiologyCell Biology

Figure 3. Indirect Effects of Actin Perturbation. Actin perturbation by F-actin-stabilizing (S14C, V159N) or destabilizing (G13R, R62D) mutations (2HF4) [96] or drugs
like latrunculin B (2Q0U) and cytochalasin D (3EKS) might have indirect effects on transcription, replication, and repair due to impairment of actin-containing chromatin
remodelers and histone acetyltransferase complexes. Furthermore, transcription, replication, and repair may influence each other. Orange text color indicates indirect
effects of actin manipulation on the displayed process.
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spectrometry [101]. Among these were DNAmismatch repair proteins (MSH2/6), DNA repair and
replication polymerase δ (POLD1), the RECQ helicase WRN, transcriptional regulators (PELP1,
SMARCA4, MED23/24, and TRRAP), the DNA replication factors MCM3 and MCM5, and com-
ponents of the SMARCC1 chromatin remodeler [101]. Their association was based on endoge-
nous levels of actin, arguing that the interactions might be physiologically relevant, although
Xenopus oocytes represent a unique stage of early development that harbors an exceptionally
high level of nuclear actin [25]. It is unclear whether the same interactions occur in somatic
cells, which only transiently accumulate actin in the nucleus under certain conditions such as
serum stimulation [21] or during mitotic exit [23].

In a mammalian cell study of actin in DSB repair, the interaction of the non-homologous end joining
(NHEJ) factor Ku70/80 (XRCC6/5) with F-actin was detected in spin-down assays in vitro [97]. This
led to the conclusion that actin might regulate NHEJ by binding to Ku70/80. However, F-actin spin-
down assays performed with a range of proteins involved in base excision repair (BER) showed that
all of the proteins tested, except bovine serum albumin, were present in the F-actin pellet
(K. Shimada and S.M. Gasser, personal communication). We conclude that F-actin co-precipitation
is not a rigorous test of affinity for nuclear actin. By contrast, there is evidence that certain repair pro-
teins have highly regulated access to the nucleus (e.g., XRCC4, Yen1) [102,103] and that the import
of these factorsmay be regulated by cell cycle-coordinated release from cytoplasmic actin filaments,
similar to the regulation of glycolysis by aldolase affinity to F-actin [104]. Another possibility is that it is
not actin itself but actin-binding proteins that interact with repair proteins in vivo, as discussed below
[44]. In any case, in vitro binding data do not necessarily provide insight into mechanism.

Linking Actin to DNA Damage In Vivo
A study in mammalian cells shows that treatment with drugs that block actin polymerization –

LatA, swinholide A, or cytochalasin D – leads to an increase in DSBs as detected by a neutral
comet assay and the fraction of activity released (FAR) assay, which monitors the fraction of
DNA released from an agarose plug during gel electrophoresis [97]. This argues that F-actin dis-
ruption increases DSB frequency or else reduces repair efficiency. However, it is unclear through
whichmechanism and in which compartment LatA affects repair. Similarly, in budding yeast treat-
ment with LatA led to hyperfragmentation of the entire yeast genome in response to low levels of
Zeocin, an antibiotic that generates DNA adducts, nicks, and DSBs [105]. This sensitivity can also
be triggered by the genetic loss of actin polymerization, but it is not resolved whether the relevant
target is cytoplasmic actin, nuclear actin, or both.

A study in mammalian cells found that DNA damage-inducing agents cause a low frequency of F-
actin filaments inside the nucleus [7]. The authors report an increase from 5% to 15% in the fre-
quency of cells with phalloidin-detected actin filaments [7] following treatment with the DNA-
alkylating agent methyl methanesulfonate (MMS), which modifies bases for repair by BER in G1
[106,107] and which generates breaks during DNA replication [107–109]. If actin filament forma-
tion was an integral step in the repair of MMS lesions, it would be surprising to detect F-actin at
such low frequencies. However, one cannot exclude that a transient burst of nuclear F-actin ap-
peared in response to damage, that was not captured by sampling a single time point. While sug-
gestive of a link between actin and DNA damage, these results do not implicate actin in a specific
repair pathway, nor is the mechanism through which actin might act clear.

Actin-Binding Proteins That Localize to DSBs
In contrast to these earlier results, a recent study proposes that the ARP2/3 complex, which trig-
gers branching of actin filaments at the plasmamembrane during endocytosis and cell movement
[110], drives end processing, clustering, and repair of DSBs that are repaired by a HDR pathway
[44] (Figure 4). A comparison of chromatin-associated factors detected by mass spectrometry
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before and after endonuclease-induced damage found β-actin, the F-actin-capping protein
CAPZβ, and the actin-binding subunit of the ARP2/3 complex (ARPC4) bound to damaged chro-
matin in S-phase Xenopus egg extracts [44]. The observed binding of actin and ARPC4was elim-
inated on chemical inhibition of ATM/ATR or ARP2/3 activity, which suggested that the binding
depends on their enzymatic activities [44]. Furthermore, the mammalian Wiskott–Aldrich syn-
drome protein (WASP), known primarily as the cytoplasmic activator of ARP2/3, colocalized
with the damage marker γH2AX after DSB induction by neocarzinostatin (NCS) [44]. Finally,
WASP and ARP2 could be recovered at a specific endonuclease-generated DSB site by chroma-
tin immunoprecipitation [44], suggesting that actin-regulating factors can bind damaged DNA di-
rectly or interact with other repair factors. Interestingly, DNA-dependent protein kinase (DNA-PK)
and WASP bind to breaks in both G1- and G2-phase cells, while the HDR factor RAD51 and
ARP2 were recovered at breaks only in G2 [44,111]. The authors suggest that WASP is recruited
to DSBs regardless of the cell cycle phase, while ARP2/3 was bound only in S–G2 at resected
breaks that were committed to repair by HDR. Although the ARP2/3 complex promotes actin
polymerization or potentially actin treadmilling, the nuclear actin detected in this study was mostly
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movement

Protein binding

No break clustering
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MRE11, HP1A SMC5/6, ARP2/3 Heterochromatin
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Repaired
chromatin

Euchromatin
(open)

Homology-directed
repair
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and repair factor binding
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Figure 4. Modeling Nuclear Actin Function in Double-Strand Break (DSB) Repair. DNADSBs in euchromatin bindWiskott–Aldrich syndrome protein (WASP) and
actin-related protein (ARP) 2/3 to promote resection, movement, and clustering of breaks prior to homology-directed repair in G2 phase. DSBs in heterochromatic
domains undergoing homology-directed repair do not cluster but move to the nuclear periphery in an actin–myosin-dependent manner. The nucleus depicted does not
show a typical distribution of euchromatin and heterochromatin. The data illustrated in euchromatin were generated in mammalian cells [44], in which euchromatin
usually localizes to the nuclear interior and heterochromatin to the exterior. The data supporting the heterochromatin model were generated in Drosophila cells [24], in
which a large fraction of heterochromatin resides in the nuclear interior.
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found in foci, not in filaments [44]. Taken together, these data provide the clearest evidence to
date that actin-binding proteins are recruited to damaged chromatin in an ATM/ATR-
dependent manner. ATR/ATMmay act either due to checkpoint activation or by phosphorylating
another target. The fact that WASP and ARP2/3 bind differentially in G1 and G2 suggests that
damage processing is important for recognition. This is consistent with the type of repair defi-
ciency detected following treatment with ARP2/3 inhibitors; namely, all types of repair that require
resection were impaired upon ARP2/3 inhibition [44].

ARP2/3 Inhibition Alters Formation of DNA Damage Foci
There are two distinct functions proposed for the actin-regulating complex ARP2/3 at DSBs. One
is the clustering of damage into large foci, while the other is to facilitate the movement of damage
away from a repressive environment towards an environment that enables repair. These roles are
distinct, because damage-site clustering is proposed to occur in euchromatic regions in G1
phase, which generally suppresses HDR [112], while DSB movement is thought to be specific
for damage in heterochromatin that must undergo HDR [24,113,114]. The shift away from the re-
pressive heterochromatic domain is proposed to promote HDR.

DSBs form repair foci that can contain either the HDR (RAD51) or NHEJ (53BP1) machinery. In-
terestingly, the nuclear actin chromobody was able to detect actin-containing nuclear foci that
colocalized with both the single stranded (ss)DNA-binding protein RPA32 and the HDR factor
RAD51, and these appear to cluster in an ARP2/3-dependent manner [44] (Figure 4). ARP2/3
inhibition was in turn correlated with reduced resection [44] and a reduced number of
RPA32/RAD51 foci. Possibly this is due to reduced actin filament nucleation or other down-
stream processes. However, it could also be due to impaired chromatin remodeler function,
given that remodelers regulate the efficiency of resection at DSBs [37,115,116]. Thus, if cluster-
ing is downstream of resection, it may be that resection itself requires actin in BAF, SRCAP,
and/or INO80 complexes as well as, potentially, ARP2/3. In this case one would argue that
resection is the immediate driver of clustering and not actin or ARP2/3. Whether ARP2/3 or
F-actin impacts the nucleosome remodeling process itself is not yet known.

While the findings discussed above suggest that actin might polymerize at the break site, another
study showed that the DNA damage marker γH2AX and the NHEJ-promoting repair factor
53BP1 did not colocalize with DNA damage-induced F-actin. Moreover, the abundance of
nuclear actin filaments and DNA damage foci per cell were not correlated [7]. This lack of corre-
lation can potentially be explained by the lack of time resolution in the latter study, as both foci and
filaments were monitored at a single time point and transient events may have been missed.
Intriguingly, the knockdown of factors required for nuclear import of actin, such as cofilin and
IPO9, as well as knockdown of the actin nucleator formin-2 (FMN2) [66], led to increased num-
bers of 53BP1 foci on MMS damage. This was interpreted as a drop in break clearance [7], but
it may instead reflect a requirement for polymerized actin for the clustering of foci and DSB.
Thus, the reduction in focus number would reflect break clustering, not clearance.

What are the functional repercussions of break clustering or actin/ARP2/3 binding? First, it ap-
pears that NHEJ may be repressed by these events, given that they are tightly linked to end re-
section, and end resection antagonizes NHEJ. While clustering may favor homology-directed
repair with an ectopic site, there is also risk inherent in allowing DSBs to cluster. Clustering can
promote undesirable strand invasions and translocations if the proper template is not available.
Indeed, ectopic strand invasion is thought to be beneficial to the cell only after canonical repair
pathways have been tried and failed. Such logic has been used to explain why DSB clustering
is more prominent in G1 and in euchromatic regions, when there is no sister homolog that can
serve as a donor for rapid repair by HDR [112].
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Using a high-throughput chromosome conformation capture assay to detect long-range in-
teractions on DNA damage, it was found that DSB clustering in G1 depends on the MRE11-
RAD50-NBS1 (MRN) complex, the transmembrane complex linker of nuclear and cytoplas-
mic skeletons (LINC), and the actin regulator FMN2 [112]. The breaks that cluster in G1
were repaired in late S/G2 phase by HDR [112]. While the authors propose that clustering
depends on this set of factors, an alternative interpretation is that MRN [115], together
with ARP2/3 and actin [44], promotes resection at the break and that ssDNA and ligands
are in turn responsible for clustering. Moreover, there is a discrepancy among these studies
with respect to the effect of FMN2: it promoted focus formation in two studies [7,112], but
had no effect in a third [44]. In conclusion, we suggest that DSB clustering or focus forma-
tion does not promote repair but rather blocks/delays repair until an alternative pathway of
repair is possible. This is reminiscent of the proposed role of break translocation to the
nuclear envelope in budding yeast [117].

Actin and Repair Focus Movement
A parallel study has proposed that F-actin and interacting factors like ARP2/3 serve to move
damage away from heterochromatic regions of the nucleus [24]. In a study based on cultured
Drosophila cells, in which the centromeric heterochromatin is largely in the nuclear interior
[118], relocation of a locus from the heterochromatic zone appears to occur prior to repair by
HDR [119]. Comparable with DSB clustering, this relocalization may allow the juxtaposition of
multiple sites of damage at nuclear pores [120]. Intriguingly, the authors argued that the motion
of the DSB to the nuclear periphery was not subdiffusive, but rather showed directional move-
ment along an F-actin filament [24]. Actin–myosin interactions are proposed to mediate the
movement, while SMC5/6 was proposed to anchor the damage. Although the involvement
of SMC5/6 in the anchoring to pores is also conserved in yeast [117,121], the proposed
directional movement is unique to the Drosophila system. In budding yeast [117,121,122]
and in mammalian systems [44] chromatin movement before and after DNA damage is
subdiffusive and nondirected. Chromatin movement has been shown to have a strong spring
constant that may give the impression of directional movements for short distances, followed
by equivalent shifts in the opposite direction [122]. Consistent with various studies in yeast,
which also explore the effects of time scale on movement character [122,123], Schrank et al.
show that DSB movement can be described as confined Brownian motion [44]. This is incom-
patible with a model in which myosin motors move chromatin along actin filaments in a directed
fashion [24].

The analysis of DSB dynamics and clustering by monitoring RAD52, RPA32, and RAD51 foci
shows that chemical inhibition of ARP2/3 or depletion of ARP2 decreases break movement
and clustering in mammalian cells [44]. Given that ARP2/3 and MRN both promote resection
[44] and that inhibition of the resection endonuclease MRE11, like ARP2/3 inhibition, decreases
movement [44], it seems likely that ARP2/3 promotes DSB movement, clustering, and HDR by
promoting DSB resection. This would link resection and movement in a positive feedback loop,
as previously described in yeast [117,121].

A different type of data on repair factor dynamics can be obtained by inducing DNA damage
at a defined location in the nucleus with a UV laser and following the intensity of a fluorophore-
tagged repair protein at the lesion. In human U2OS cells expressing Ku80-GFP, it was shown
that Ku80 retention at sites of UV damage decreases on cytochalasin D-induced actin depo-
lymerization or with polymerization-incompetent NLS-G13R actin [97]. Combined with other
data on the effect of actin on the number of breaks, the authors conclude that polymerized
actin plays a positive role in DSB repair. However, the cytochalasin D-dependent drop in
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intensity at the lesion could be interpreted as facilitating repair, that is, loss of actin filaments
might trigger a faster release of repair factors from the lesion. In either case, it is important to
note that release kinetics are not an accurate prediction of repair outcome. This critique is
also relevant to another study that found a similar effect of LatA on ATR intensity at UV lesions
[124]. Finally, data from our laboratory show that the change in repair factor retention at
UV lesion sites by actin perturbation is not restricted to DSB repair, but also applies to BER
(V. Hurst, unpublished), arguing for a further examination of the specificity of the effect.

Effect of Actin on Repair Outcome
To date, the direct impact of relocation on repair efficiency in the Drosophila system has not been
monitored. Rather, the authors monitored whether damage foci were efficiently cleared following
the knockdown of ARP2/3 and its activators or following the introduction of a polymerization-
impaired actin mutant, NLS-R62D [24]. They found less clearance under these conditions,
which was used to argue that actin-related factors facilitate repair. This may not be the case.
Nonetheless, the knockdown of ARP2/3, myosin, and the expression of polymerization-
incompetent NLS-R62D actin all reduced γIR tolerance in Drosophila cells, and ARP3 or myosin
knockdown led to chromosome aberrations in Drosophila larvae [24]. Unlike Schrank et al.,
these authors find that the clearing of γH2AX foci also depends on myosin V, formin, and the
HDR-promoting complex SMC5/6 [24]. Thus, despite their ARP/actin-dependency, the break
clustering observed in mammalian cells and the break translocation to the nuclear periphery in
Drosophila cells may be mechanistically distinct.

In the mammalian system, repair type-specific GFP reporter assays showed that ARP2/3 inhibi-
tion, as well as expression of NLS-R62D actin, reduced HDR and single-strand annealing (SSA)
rates, while microhomology-mediated end joining (MMEJ) and NHEJ were not affected [44].
These findings are consistent with the hypothesis that WASP/ARP2/3 and functional actin are re-
quired for DSB resection, which allows break repair by either HDR or SSA. It remains unclear how
ARP2/3 activation enhances resection, but resection is clearly a prerequisite for HDR-mediated
repair. Intriguingly, knockdown of the actin regulator FMN2 had no effect on HDR, although it
was shown that knockdowns of LINC components or FMN2 decrease clustering [112]. Thus
clustering may not be an obligate step in HDR; rather, it may be a side effect of resection that de-
pends on aspects of the cell cycle and break processing. We suggest that ARP2/3-mediated
actin treadmilling facilitates repair through the promotion of resection. Monitoring specific step
of the repair process in the presence and absence of nuclear G- and F-actin and its regulators
is one of the important next steps in identifying the roles actin plays in repair.

Concluding Remarks
Nuclear localized actin is conserved in both its monomeric and polymeric form [24,28,93,125], yet
the amount of nuclear F-actin varies across species and tissues and is dynamic in response to
stimuli [7,14,23]. Recent evidence implicates actin and actin interactors in DSB repair [24,44].
The clearest and most consistent data to date are those documenting an effect of actin on resec-
tion at DSBs as a prerequisite for HDR-type repair. We note, however, that the alteration of nu-
clear actin inevitably interferes with some of the most abundant and damage-relevant
chromatin remodelers and histone acetyltransferases in the cell and that these are also important
factors in DSB repair [116,126]. Future studies need to concentrate on distinguishing direct from
indirect effects of actin perturbation on the complexes involved in DNA repair.

The question of the abundance and relevance of nuclear F-actin filaments remains unanswered
(see Outstanding Questions). New tools like fluorescent nuclear actin reporters [48,82] have en-
abled major advances in the field, but specific live-cell reporters for actin-containing complexes
like actin-ARP4, actin-cofilin, actin-profilin, orWASP-ARP2/3-actin are still needed. Actin mutants

Outstanding Questions
How can we determine whether the
impact of actin perturbation is specific
to F- versus G-actin pools?

How do changes in cytoplasmic actin
affect nuclear events?

Are the nonspecific effects of actin per-
turbation shared with other cytoskeletal
proteins, such as tubulin or intermediate
filaments?

Which steps of DNA repair depend on
nuclear actin and actin-binding proteins?

Does the interaction of nuclear actin with
DNA repair factors have a physiological
role in repair?
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that alter binding interfaces with specific nuclear factors without altering cytoplasmic function or
F-actin structure are needed, as they would allow characterization of the roles of specific com-
plexes in repair.

Actin-binding drugs like LatA/B and cytochalasin D can have a multiplicity of secondary effects,
and their impact on ACTL6 (BAF53/S.c.Arp4), an essential subcomponent of the chromatin
remodelers SWI/SNF, INO80, and SWR1/SRCAP and the histone acetyltransferase TIP60/
NuA4 [56], must be monitored [27,28]. For instance, LatB blocks the ATPase activation of the
actin-containing BAF chromatin remodeling complex [127], illustrating how actin polymerization
inhibitors could potentially influence repair and other processes through remodeler inhibition
[128,129]. Given the impact of actin perturbation on transcription, replication, and DNA repair,
it is definitely crucial to dissect genetically the direct and indirect effects of nuclear actin on
these functions.
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CHAPTER 2: SHEDDING LIGHT ON YEAST CHROMOSOME 
FRAGMENTATION 
This chapter consists of two parts based on the following publications. Only the latter publication 
is included in this thesis. 

Shimada, K., van Loon, B., Gerhold, C.B., Bregenhorn, S., Guebeli, R., Hurst, V., Bertoldo, D., 
Sack, R., Heinis, C., Jiricny, J. and S.M. Gasser. “Uncoordinated repair at juxtaposed DNA lesions 
by base excision repair generates a lethal accumulation of double strand breaks”, in revision in 
Nature Communications. 

I performed in vitro assays testing the effect F- and G-actin on 8-oxoG processing. 

Hurst, V.*, Gerhold, C.B.*, Challa, K., Seeber, A., Yamasaki, S., Filipuzzi, I., Teloni, F., 
Bodenmiller, B., Helliwell, S.B., Knapp, B., Stadler, M.B., Altmeyer, M., Harata, M., Shimada, K 
and S.M. Gasser. “Altered F/G-actin balance disrupts the repair of oxidative DNA damage”, in 
revision in Nature Communications, *equal contribution. 

Author contributions: CG wrote the initial draft of the manuscript, VH and SG revised the 
manuscript. VH, CG, KC and KS performed experiments, analyzed results, and made figures. 
Further authors provided or supported us with specific assays. 

Summary 
We find that inhibition of actin polymerization combined with Zeocin oxidative DNA damage 
leads to massive chromosome fragmentation. Blocking BER endonucleases causes resistance to 
fragmentation. Depletion of further BER enzymes modulates fragmentation as well, which shows 
that unperturbed BER activity generates the genome fragmentation observed. In addition, we find 
that regulators of the yeast cytoskeleton, such as Las17 are differentially phosphorylated under 
conditions of chromosome fragmentation and can induce fragmentation on Zeocin if they get 
degraded. Though we do detect direct interaction of BER players with actin, we could not prove 
actin’s functional role in BER regulation in vitro. Therefore, we tested several hypotheses on 
indirect effects of actin on BER such as involvement of the LINC complex and mitochondria. We 
finally suggest that the ratio of F to G-actin regulates the repair of Zeocin damage, potentially 
through the presence of G-actin inside the nucleus. 
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Introduction 

At the beginning of my studies in the Gasser laboratory, I joined the team of Kenji Shimada and 
Christian Gerhold during their investigations of the interplay between actin and base excision 
repair (BER) in yeast. While Kenji investigated BER, Christian worked on actin-containing 
remodelers. The initial observation that led them to investigating actin and repair, was an 
exceptionally strong phenotype discovered in a chemicogenetic synthetic lethality screen in yeast 
(Shimada et al., 2013). The screen revealed that chemical inhibition of the two multisubunit kinase 
complexesTorc1 and Torc2, combined with the DNA damaging drug Zeocin caused lethality. A 
closer look revealed that yeast cells under these conditions undergo massive chromosome 
fragmentation (Shimada et al., 2013), which is an extreme and rare phenomenon. Why does 
Zeocin-induced DNA damage plus inhibition of a metabolic kinase cause genome fragmentation? 

Because the Torc1/2 kinase complex regulates multiple processes in a yeast cell, it was crucial to 
narrow down the pathway to the culprit causing genome fragmentation. Specific chemical 
inhibition of Torc1 together with Zeocin did not result in chromosome fragmentation (also termed 
yeast chromosome shattering (YCS)), suggesting that Torc1 can be excluded (Shimada et al., 2013). 
Torc2 however, turned out to be hit (Shimada et al., 2013). The spectrum of pathways regulated 
by Torc2 ranges from sphingolipid production (Aronova et al., 2008; Roelants et al., 2011) to 
calcineurin activity (Mulet et al., 2006) and actin polarization (Kamada et al., 2005; Loewith et al., 
2002). Perturbation of several Torc2 downstream pathways selectively led to the conclusion that a 
loss of actin regulation is the main cause for chromosome fragmentation on Zeocin (Shimada et 
al., 2013). Main evidence for conclusion is that Zeocin in combination with the actin 
depolymerizing drug Latrunculin A causes chromosome fragmentation (Shimada et al., 2013).  

In summary, DNA damage by the radiomimetic Zeocin plus actin disruption leads to 
fragmentation of the yeast genome. Two major parts we investigated were 1) the source of YCS 
on the side of DNA damage and repair, and 2) the pathway through which Torc2 and actin impact 
repair on the side of actin. While Kenji carried out most of the DNA repair investigation, Christian 
and I worked to shed light on how actin depolymerization affects repair. Of the two publications 
that resulted from this study, Kenji Shimada is first author on one while Christian Gerhold and I 
share a first authorship on the other. 

Figure 2.1: Zeocin DNA damage and actin depolymerization are synthetic lethal. While a low dose 
of Zeocin alone is harmless to a yeast cell, the combination of Zeocin and actin depolymerization leads to 
massive chromosome fragmentation and lethality. 
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2.1 The contribution of base excision repair to chromosome fragmentation 

Yeast is well suited to be a model organism for DNA repair as the enzymatic machinery is often 
not redundant and can be assigned to defined pathways. This helps determine the types of DNA 
repair involved in chromosome fragmentation. By genetic inhibition, the type of repair was 
narrowed down to base excision repair (BER). While determining that BER drives chromosome 
fragmentation was straightforward, digging deeper into each step of BER, the sequence of events, 
and the factors that impact the outcome of BER through actin perturbation, turned out to be a 
major challenge. 

Zeocin causes DNA breaks 

Zeocin is an antibiotic glycopeptide from Streptomyces verticillus, which belongs to the family of 
bleomycins (Hudecova et al., 2012; Povirk, 1996). The reason why bleomycins are antibiotics is 
that they cause DNA double strand breaks in all organisms (Povirk, 1996), which can be lethal. 
The amount of Zeocin-induced breaks depends on the growth phase of a yeast cells as well as on 
the Zeocin dose, which strongly correlates with lethality (Todorova et al., 2019). 
Bleomycins are also defined as radiomimetic drugs because they mimic the effect of DNA damage 
caused by ionizing radiation (Povirk, 1996). However, compared to ionizing radiation bleomycins 
only creates a specific subset of DNA lesions compared to the spectrum of lesions caused by 
radiation (Povirk, 1996). Bleomycins induce oxidative DNA damage resulting in abasic sites as well 
as in single and double strand breaks (Hudecova et al., 2012; Povirk, 1996; Povirk et al., 1977).  
What does Zeocin do exactly? The formation of a highly reactive species enables bleomycin to 
abstract hydrogen from the deoxyribose in the DNA backbone (Povirk, 1996). The outcome of 
this reaction depends on which carbon atom is attacked. While all attacks lead to a strand break, 
an attack at C-1’ leads to base loss, while and attack at C-4’ can but doesn’t have to lead to base 
loss and an attack at C-5’ does not lead to base loss (Povirk, 1996). This sugar oxidation on C-4’ 
is the most common event. This means that the DNA damage created by bleomycin is a mixture 
of nicks and abasic sites, and each type of lesion is formed with the same probability (Povirk, 
1996). Importantly, the nature of bleomycin causes bistranded lesions with increased likelihood, 
thus about 10% of the lesions are bistranded (Povirk, 1996). While nicks and abasic sites or two 
nicks can form at the same place on parallel strands, two abasic sites are rare (Povirk, 1996), 
suggesting that bleomycin itself does not cause double strand breaks (DSB). If DSB result from 
spontaneous instability of bistranded lesions, they will be clearly underrepresented compared to 
single strand breaks. Looking at the chemistry of Bleomycin base damage suggests that DSB must 
be caused by cellular processing.  
Surprisingly, a literature search did not result in more recent publications reporting on the chemical 
mechanism of Zeocin and bleomycin DNA damage. At the time the studies used above were 
carried out, the characterization of DNA repair pathways was less detailed than it is today. Yet, 
the authors knew that cells cope well with these lesions and can repair them instantly (Povirk, 
1996) by a short-path type of repair involving polymerase β as well as by a aphidicolin-sensitive 
pathway involving polymerases α, δ or ε, which is different from nucleotide excision repair 
(DiGiuseppe and Dresler, 1989; DiGiuseppe et al., 1990; Povirk, 1996). These findings suggest 
that the pathway taking care of bleomycin lesions is both short and long patch base excision repair 
(BER), as short-patch repair is carried out by polymerase β, while long-patch repair involves 
replication polymerases, which are inhibited by aphidicolin (Baranovskiy et al., 2014). 
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Figure 2.2: Bleomycin-induced deoxyribose oxidation at C-4’. The preferred chemical action of 
bleomycin is hydrogen abstraction from C-4’ of the sugar in the DNA backbone. Compared to the attack 
of other carbon atoms, this reaction can result either in an abasic site (upper row) or a nick in the DNA 
backbone (lower row) (Povirk, 1996). 

Yeast base excision repair: the long and the short path 

Because Zeocin is a member of the bleomycin family, one can assume that Zeocin-induced lesions 
in yeast cells are repaired by BER as well. This thesis covers mammalian BER in Chapter 3, and 
this chapter focuses on yeast. Yeast BER consists of a sequence of events, in which each step 
requires a different enzymatic function. First, an oxidative lesion is processed by a DNA 
glycosylase, which recognizes the damaged base and excises it. This leads to an abasic site, also 
termed AP-site (apurinic/apyrimidinic site). Yeast DNA glycosylases can be monofunctional and 
just excise a base or bifunctional with an additional lyase activity, which leads to cleavage of the 
DNA backbone (Boiteux and Jinks-Robertson, 2013). Examples for bifunctional glycosylases are 
Ntg1/2 and Ogg1 (Girard et al., 1997; Meadows et al., 2003). The AP site generated is further 
processed by an AP endonuclease such as Apn1 or Apn2, which creates a 3’-OH as a substrate for 
polymerases, which continue the repair process (Boiteux and Jinks-Robertson, 2013). At this step 
there are two subpathways of BER to continue repair: short- and long-patch BER. One nucleotide 
is incorporated during short-patch or single-nucleotide BER, while a longer stretch of nucleotides 
is incorporated during long-patch BER (Beard et al., 2019). Though BER is conserved and the 
predominant type of BER used in mammalian cells is single-nucleotide BER (Beard et al., 2019), 
yeast mainly uses long-patch BER (Almeida and Sobol, 2007; Chalissery et al., 2017).  
In yeast single-nucleotide BER, the gap created by Apn1/2 is readily filled by polymerase ε 
(Chalissery et al., 2017; Wang et al., 2006) or Trf4 (Pap2) (Gellon et al., 2008), while in long-patch 
BER uses replicative polymerase δ (Blank et al., 1994; Wang et al., 2006) to fill in 5-10 nucleotides 
creating a 5’-overhang. (Chalissery et al., 2017). This overhang is cleaved by Rad27 and the 
remaining nick is sealed by Cdc9 (Ligase I) (Chalissery et al., 2017).  
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Inhibition of BER blocks chromosome fragmentation 

BER turned out to play a major role in the chromosome fragmentation observed on Zeocin plus 
actin disruption. While players of nonhomologous end joining (NHEJ) and homologous 
recombination (HR) did not cause or block chromosome fragmentation, the genetic inhibition of 
different steps of BER suppressed the effects of chemical Torc1/2 inhibition on low dose Zeocin 
(Shimada et al., in revision). Triple inhibition of DNA glycosylases Ntg1/2 and Ogg1 caused a 
partial resistance and triple inhibition of Ape1/2 and Rad1 endonucleases caused complete 
resistance to fragmentation (Shimada et al., in revision). As genetic inhibition of further players of 
BER like Pol32, a subunit of polymerase δ, and Cdc9, the long-patch BER ligase modulated the 
degree of fragmentation as well (Shimada et al., in revision). These results suggested that 
hyperactive or dysregulated BER induced by actin perturbation could be the cause of chromosome 
fragmentation. 

Mechanism: coordination of BER? 

In an in vitro sedimentation assay testing the ability of proteins to bind and sediment with F-actin 
40-50% of the human purified BER factors APE1, OGG1 and POLβ in the test tube did come
down with rabbit muscle actin, while BSA did not (Shimada et al., in revision). In the absence of
actin, BER factors stayed in solution, suggesting that spontaneous precipitation of BER factors
can be excluded. These findings suggest that actin may influence BER by direct interaction with
repair proteins inside the nucleus, a hypothesis we followed up on. The report on these studies
can be found in the next chapter. Of note, in vivo, we have not been able to observe the
interaction/colocalization suggested by the sedimentation assay.
Studies on E.coli BER suggest that yeast BER possesses an additional feature, which is actin-
dependent repair coordination of juxtaposed lesions.
In E. coli., the BER machinery resembles the yeast machinery (Kow, 1994). By chance, it was
discovered that if a Zeocin resistance is used as a selectable marker for plasmid production in

Figure adapted from (Shimada et al., in revision) and (Chalissery et al., 2017) 

Figure 2.3: Base excision repair in yeast 
Oxidative DNA lesions and abasic sites are repaired by 
BER. There are two subpathways of BER depending on 
the length of the nucleotide stretch that is replaced: 
short-patch (left), and long-patch BER (right). Players 
involved in each step of a subpathway are indicated. 

Top: Upon oxidative damage, a DNA glycosylase 
excises the base. Next, an abasic site endonuclease cuts 
the DNA backbone, which results in a 3’-OH serving as 
template for gap filling polymerases.  

Bottom left: Players that have been shown to be 
involved in yeast short-patch BER are the polymerases 
Trf4 (also called Pap2) and Pol ε.  

Bottom right: For long-patch BER the replicative 
polymerase δ is used and the created flap is cleaved by 
Rad27.  

In both cases, the remaining nick is sealed by DNA 
ligase Cdc9.  
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E.coli, the plasmid DNA grown in presence of high dose Zeocin gets fragmented (Tsukuda and
Miyazaki, 2013) like yeast chromosomes do on Zeo plus actin perturbation. Furthermore, upon
exposure to γIR the BER machinery contributes to lethality, rather than preventing lethality
(Blaisdell and Wallace, 2001), again resembling our observations in yeast. The number of DSBs
formed in E.coli shows a strong correlation with lethality (Blaisdell and Wallace, 2001). As in yeast,
a knockout of DNA glycosylases increases resistance to radiation damage significantly (Blaisdell
and Wallace, 2001), suggesting that the scenario of a dysregulated BER that becomes the “killer”
is not only present in yeast but also in bacteria. The authors explain the contribution of BER to
radiation-induced DSB by attempted but aborted BER at clustered lesions (Blaisdell and Wallace,
2001). A clustered lesion recruites the BER machinery on both sides of the DNA double strand.
Then, both sides are cleaved simultaneously, leading to a strand break (Blaisdell and Wallace, 2001).
The authors suggest that this effect is conserved and has to be taken into account when estimating
the radiation damage in human cells as well (Blaisdell and Wallace, 2001).
If an overdose of Zeocin causes BER-dependent genome fragmentation in E. coli without
perturbing actin, where does the actin effect in yeast come into play? One possibility is that actin
disruption increases the amount of oxidative DNA damage created by a certain dose of Zeocin
compared to a cell with an intact cytoskeleton. Oxidation (electron loss) combined with reduction
(electron gain) is the basic principle of redox reactions. Zeocin is activated inside the cell by
reduction and subsequently attacks DNA by oxidation (Freedman et al., 1982; Povirk, 1996),
suggesting that Zeocin is active until all potential electron donors in a cell, such as different sulfur
connections (Szent-Gyorgyi, 1968), have been exhausted. If the status of the actin cytoskeleton
and its binders alters or correlates with the redox potential of a cell, for which evidence has been
reported (Belin et al., 2015; Grintsevich et al., 2016; Lundquist et al., 2014; Wang et al., 2001), the
activity of Zeocin would be different in a cell with an unperturbed versus a depolymerized actin
cytoskeleton. Since the amount of oxidative damage created depends on the activity of Zeocin,
that would alter the amount of DNA damage as well and may lead to different effects on the
amount of DSB produced, resembling the use of high doses of Zeocin in unperturbed cells. To
test this possibility, we measured the amount of one type of oxidative base damage (8-Oxoguanine)
and did not detect different damage levels with and without actin disruption, suggesting that this
is likely not the case (Shimada et al., in revision).
Another possibility is that actin is involved in the coordination of BER juxtaposed lesions or the
activity, abundance, or localization of BER players, shortly in BER regulation at one or multiple
steps. The literature discussed above suggests that the very first step carried out by glycosylases
could be responsible for the BER dysregulation we observe, and that the critical part is processing
of juxtaposed lesions.

2.2 The contribution of actin to chromosome fragmentation 

This Gasser Lab study turned out to be a journey of more than a decade, to which I contributed 
during its last four years. Since Torc2 is a kinase, to characterize the signaling pathway, the study 
started with phosphoproteomics under chromosome fragmentation conditions, which identified 
several proteins involved in actin cytoskeleton organization. Degradation or depletion of several 
factors, such as Pan1 and Las17 caused chromosome fragmentation in combination with Zeocin. 
Las17 (mammalian WASP) showed a particularly strong phenotype. Despite this strong effect 
upon degradation of the whole protein, the one upregulated phosphorylation site in Las17 did not 
have any effect when mutated. Thus, it was not the cause of fragmentation on Zeocin.  
Because of the Las17 depletion phenotype and inspired by findings on the role of WASP/Las17 
in DNA repair in mammalian cells (Schrank et al., 2018), we followed up on Las17 to test its role 
in BER or another type of repair. However, compared to mammalian WASP, Las17 did neither 
shift to the nucleus nor form foci nor bind to enzymatically induced breaks as assessed by 
chromatin immunoprecipitation (ChIP). The only thing Las17 did under fragmentation conditions 

33



was to shift to mitochondria, which did not help clarify the situation. We ruled out a role for 
mitochondria in chromosome fragmentation by mitochondrial ATPase mutants, which showed 
neither resistance nor sensitivity to chromosome shattering. In a last attempt, we investigated the 
effect of Las17 degradation on the dynamics and localization of enzymatically induced double 
strand breaks by microscopy, which showed that they fail to translocate to the nuclear envelope. 
We could not apply this finding to anything we knew about base excision repair, but we had 
discovered a role for Las17 in the translocation of DSB to the nuclear periphery. Hoping that we 
could finally make the link to BER, we pursued the cause of the lack of break translocation to the 
nuclear periphery.  
The LINC complex connects the actin cytoskeleton to chromatin (Chen et al., 2019; Kim et al., 
2015) and may affect break anchoring at the nuclear periphery (Chang et al., 2015), which could 
account for the lack of DSB translocation that we observed. To test this hypothesis, we depleted 
the LINC complex from its chromatin contacting domain in Mps3 as well as from a predicted 
actin binding domain on the cytoplasmic side which bridges chromatin to the actin cytoskeleton. 
No alteration of chromosome fragmentation was observed. We concluded that actin perturbation 
does not affect BER through LINC. 
Having explored this idea for an actin effect from outside the nucleus through the nuclear 
membrane, we turned to another hypothesis. Since the amounts of fluorescently tagged BER 
enzymes Ape1, Ntg1 and Ogg1 inside the nucleus did not show a remarkable change upon 
treatment with either Zeocin or the TOR inhibitor CMB or a combination of both, translocation 
of those factors could not be the cause of altered BER activity either. However, an accumulation 
of G-actin inside the nucleus that hyperactivates BER enzymes was not excluded. Monitoring G-
actin itself inside the yeast nucleus was not possible for technical reasons but we did overexpress 
nuclear trapped actin with different mutations. Indeed, overexpression of nuclear export-deficient 
actin was toxic on Zeocin while an actin mutation favoring filaments and one favoring G-actin 
altered this toxicity. These findings suggest that nuclear actin could be involved in BER-mediated 
chromosome fragmentation and that the relative amount of F- and G-actin plays a role. The 
importance of the F/G-actin equilibrium in genome stability is substantiated by the fact that the 
insults causing chromosome fragmentation in our experiments, altogether alter the cell’s F/G-
actin ratio, which we estimated during revision experiments. 
The following publication summarizes the described findings in a descriptive manner. The main 
hypothesis we derive from the data is that BER can be lethal if it is severely dysregulated, and that 
the F/G-actin ratio is crucial to keeping yeast BER in check. Finding the complete chain of events 
and mechanisms is left to the biologist equipped with new weapons who will read this thesis in the 
future.  
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Summary  

Altered dynamics of actin polymerization combined with low doses of the radiomimetic drug Zeocin 

trigger yeast chromosome shattering (YCS) due to compromised base-excision repair (Shimada et al., 

accompanying manuscript). Phosphoproteomics revealed YCS-specific phosphorylation changes on 

regulators of actin polymerization, including the Wiscott-Aldrich Syndrome Protein (ScLas17/WASP) 

and Pan1 (EPS15-like). Upon TORC2 inhibition Las17 relocates to mitochondria, and the degradation 

of Las17 in combination with Zeocin is sufficient to provoke YCS. This is partially suppressed by 

mutating Cap2, an actin filament capping protein. While Las17 is not detected in the nucleus on Zeocin 

nor under YCS-conditions, the nuclear accumulation of its ligand, actin, sensitizes cells to Zeocin. We 

propose Las17 plays a protective role by preventing the toxic accumulation of actin in the nucleus upon 

cytoskeletal disruption. The depolymerization of actin filaments in human cultured cells also triggers 

synergistic cell death upon oxidative DNA damage, indicating that these effects may be conserved.  
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Introduction  

The ability of actin to form dynamic cytoplasmic filaments mediates a range of essential cellular 

processes including cell movement, the maintenance of cell shape, endocytosis and cell division 1. 

Beyond their well-characterized roles in cell structure and trafficking, actin filaments appear to 

regulate the localization and activity of enzymes or transcriptional factors, including aldolase 2, the 

MKL1 (MAL) transcription factor 3, and factors involved in DNA repair 4. Intriguingly, disorganization of 

the actin cytoskeleton is a hallmark of cancer, and perturbed actin polymerization can contribute to 

oncogenic transformation 5-8.  

In mammalian cells, globular (G-) actin and various actin binding proteins shuttle rapidly between 

cytoplasmic and nuclear compartments, ensuring that the pools of actin in the two compartments are 

in constant communication 9. The cytosolic-nuclear transport of actin depends on dedicated nuclear 

transport receptors, namely importin-9 9 and exportin-6 10, which binds actin in complex with proteins 

such as cofilin or profilin. Thus, the ratio of G- to F-actin, as well as the concentration of actin binding 

proteins, is sensed in both compartments. In Saccharomyces cerevisiae lacks exportin-6 and no 

dedicated actin importin has been identified, but yeast actin does harbor validated export signals 11,12, 

and it is possible that its transport is mediated by Crm1 10,11.  

In the nucleus, actin is generally found in complex with actin-related proteins, most commonly Arp4 

(in mammals, BAF53). This complex appears to block actin polymerization 13 and may be involved in 

the export of actin from the nucleus. More importantly, the BAF53/Arp4-actin dimer is an integral 

component of large, multisubunit remodelers and histone acetyltransferases, namely TIP60/NuA4, 

INO80/Ino80C, SRCAP/SWR and BRG/Swi-Snf (reviewed in 14 and 15). Apart from the large amphibian 

germinal vesicle, where actin is exceptionally abundant 4, only unusual conditions seem to favor actin 

filament formation in the nucleus. For instance, nuclear actin filaments form transiently as cultured 

mammalian cells transition from telophase to G1 16, upon growth factor stimulation 17, during heat 

shock, which leads to the formation of phalloidin-insensitive nuclear actin–cofilin rods 18, and in 

response to cytotoxic stress in both Drosophila and mammalian cultured cells 19-21. In HeLa cells, the 

39



appearance of nuclear F-actin after treatment of cells with MMS was formin-dependent 20, and the 

depletion of actin from these cells increased the accumulation of 53BP1 foci 20. Unfortunately, the 

detection of nuclear F-actin is often carried out with in vivo expressed actin binding domains such as 

Lifeact-EN or Utr230-EN, which themselves increase the concentration of nuclear actin and nucleate 

filament formation (reviewed in 22). More recently, results based on mutants in Drosophila and 

mammalian cells have proposed that nuclear F-actin mediates the directed translocation of double-

strand breaks (DSBs) from centromeric satellite clusters to the nuclear periphery in a myosin-

dependent manner 19. Finally, it was shown that actin binding proteins ARP2/3 and Las17/WASP can 

be detected by Chromatin immunoprecipitation at DSBs, where their presence seems to promote 

resection and break clustering 23. Collectively these observations led to the hypothesis that nuclear F-

actin or actin binding proteins might facilitate DSB repair (19,23, reviewed in 22). 

In budding yeast, on the other hand, even though DSBs show increased mobility 24, and irreparable 

DSBs shift to the nuclear envelope for ectopic repair 25, it has not been possible to detect actin 

filaments in the nucleus of vegetatively growing cells, either with or without DNA damage. Moreover, 

despite increased random movement, there has been no convincing evidence of directional DSB 

movement in yeast 26. Thus, the question whether nuclear actin or actin binding proteins play a role in 

the repair of DNA damage remains open 19,22,23.  

We previously showed that the inhibition of the TORC2 pathway by an imidazoquinoline renders yeast 

hypersensitive to -irradiation ( IR) and the radiomimetic drug Zeocin, generating rapid and lethal 

chromosome fragmentation 27. This fragmentation, called yeast chromosome shattering (YCS), occurs 

independently of apoptosis 27. Recent work now shows that Zeocin-triggered YCS requires enzymes 

that are integral to base excision repair (BER), and that the ensuing DSBs arise from misrepair of closely 

juxtaposed base oxidation events (Shimada et al., accompanying manuscript). Intriguingly, the 

synergistic effect of Zeocin and TORC2 inhibition can be mimicked by treating yeast with Latrunculin A 

(LatA), which disrupts cytoplasmic actin filaments.  
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To clarify the role of actin dynamics in the repair of Zeocin-induced base oxidation events, we have 

made use of a second, more potent TORC2 inhibitor, CMB4563, which triggers YCS at less than 0.5 M, 

to examine the dynamics of actin during Zeocin-induced YCS. We find that TORC2-inhibition and LatA 

treatment are epistatic in YCS, and both are largely recapitulated by loss of the TORC2 effector kinases, 

Ypk1 and Ypk2 27-30. We show that the phosphorylation states of Pan1 (EPS15) and Las17 (WASP), 

factors involved in actin filament formation 31,32, are altered upon Ypk1/2 inhibition and exposure to 

Zeocin. Consistent with a proposed reduction in their activity, we find that the depletion of Las17 or of 

Pan1 triggers YCS on low dose Zeocin, in a manner that is largely epistatic with LatA. We do not detect 

Las17 or Pan1 accumulation the nucleus under DNA damaging conditions, thus we propose that their 

loss releases G-actin 33, increasing the concentration of nuclear actin. We confirm that an artificial 

accumulation of actin in the nucleus impairs the normal repair of Zeocin-induced lesions in an 

otherwise wild-type strain. Finally, we show that the negative impact of actin perturbation on repair 

following exposure to Zeocin is conserved across species. In human fibroblasts DNA damage increases 

in the presence of the LatA related compound Latrunculin B (LatB) in a dose-dependent manner, and 

the combined treatment of Zeocin and LatB in the hMLH-1-deficient HCT116 cell line 34 triggers 

synergistic lethality. We propose that a balanced distribution of actin between cytoplasm and nucleus 

is crucial for genome stability. This justifies exploring the use of actin depolymerization or TORC2 

inhibitors in combinatorial therapies of repair-compromised tumors 35.  

Results 

A potent TORC2 inhibitor triggers chromosome fragmentation on low levels of Zeocin  

A chemicogenetic screen in yeast identified a TORC1 and TORC2 inhibitor, NVP-BHS345 (BHS345), as 

being synthetic lethal in the presence of low levels of the radiomimetic chemical Zeocin -irradiation 

27. This Tor2 inhibitor does not generate additional abasic sites nor breaks in the absence of Zeocin

(Shimada et al., accompanying manuscript), but rather converts oxidized bases or single-strand nicks 

into irreparable DSBs, triggering massive genomic fragmentation following exposure to what are 
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normally non-toxic doses of Zeocin 27. This is visualized on a CHEF gel as the rapid conversion of full-

length chromosomal bands into fragments of 50-200 kb (Figure 1 and 27). 

We identified a second imidazoquinoline, CMB4563 36 that is roughly ten-fold more potent in the YCS 

assay than BHS345 (Figure 1S1A). Haploinsufficiency profiling (HIP, 37) shows that CMB4563 impairs 

the growth of diploids depleted for subunits of the TORC1 and TORC2 complexes, with 

haploinsufficiency for Tor2 itself rendering cells extremely sensitive (Figure 1S1C). Genome-wide HIP 

analysis showed more effect upon depletion of TORC2 subunits, over TORC1 subunits, suggesting that 

CMB4563 may show more specificity for Tor2 than for Tor1 kinase. We confirmed that the inhibitor 

targets Tor2 directly by testing cells carrying a point mutation (tor2-V2126G) that compromises the 

imidazoquinoline binding pocket of Phosphatidylinositol 3-kinase-related kinases (PIKK) 27. Indeed, the 

tor2-V2126G mutant strain was insensitive to CMB4563, and all yeast chromosomes remained intact 

in the presence of CMB4563 and Zeocin unlike the isogenic TOR2+ strain (Figure 1B). The specificity of 

the inhibitor is underscored by showing that the related PIKKs Mec1 and Tel1 (ATR and ATM 

homologues, respectively) remained functional on CMB4563, efficiently phosphorylating H2A on 

Serine 129 in response to damage (Figure 1C). Finally, neither low amounts of Zeocin (50 g/ml) nor 

up to 3 M of CMB4563 (Figure 1S1B) alone led to chromosome fragmentation, confirming that the 

two are synthetically lethal 27. 

Ypk1/2 kinase inhibition and Latrunculin A treatment cause Zeocin hypersensitivity 

To characterize the pathway downstream of TORC2 inhibition in more detail, we asked what other 

cellular stresses trigger chromosome fragmentation on Zeocin. Even though cells arrest in G2/M as 

they accumulate damage, a chemically induced G2 arrest by the microtubule inhibitor Nocodazole did 

not trigger YCS, while Latrunculin A (LatA), a potent inhibitor of actin polymerization, phenocopied 

Tor2 inhibition on Zeocin (Figure 1D). Ypk1/Ypk2 inactivation, which is achieved by inhibiting an 

analogue-sensitive Ypk1 enzyme in the yp 2  background (ypk1-as  ypk2 ), was less efficient than the 

TORC2 inhibitor, yet still triggered YCS (Figure 1F; 27). To see if TORC2 acts on the same pathway as 
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LatA or Ypk1/2 kinase depletion, we tested whether they are epistatic or additive with TORC2 

inhibition. Although LatA was less efficient than CMB4563 at the concentrations tested (Figure 1E), the 

combination of LatA and CMB4563 showed no additivity after 80 min for YCS, and only slight additivity 

at 45 min (Figure 1E). Similarly, adding LatA to cells with inactive Ypk1/2, did not enhance chromosome 

fragmentation (Figure 1F), suggesting that the sensitivity to Zeocin indeed reflects a loss of TORC2’s 

ability to stimulate actin polymerization 38. 

Proteins involved in cytoskeletal control show altered phosphorylation under YCS conditions 

To understand the link between TORC2, actin filaments and DNA repair, we performed 

phosphoproteomics on cells lacking Ypk1/2 activity in the presence or absence of Zeocin, looking for 

changes that correlate primarily with YCS (Figure 2A). Using a label-free method 39,40 we identified 

phosphotargets of Ypk1/2 that are specific to YCS conditions. Among a total of 3775 detected 

phospho -fold change over DMSO-treated control cells and 

categorized these as responding either to low Zeocin alone, to the loss of YPK kinases alone, or to the 

combination (YCS conditions). To distinguish phosphorylation events triggered by the DNA damage 

checkpoint response (DDR), we also monitored the changes in phosphorylation following treatment 

with high levels of Zeocin (750 g/ml). We identified 546 up- and 152 down-regulated 

phosphopeptides upon loss of YPK activity alone, 656 up- and 305-down regulated phosphopeptides 

in YCS conditions (YPKoff + Zeocin), and 322 up- and 103 down-regulated in high Zeocin conditions 

(Figure 2B). A smaller number of peptides became modified on low dose of Zeocin, which largely 

overlapped with those altered on high Zeocin doses (Figure 2B).  The targets that responded to Zeocin 

alone were removed from consideration, in order to identify changes specific to YCS conditions (Figure 

2B). We were left with 201 peptides that gain phosphorylation and 188 that lose phosphorylation > 2-

fold in a YCS-specific manner. These peptides identify 302 distinct proteins (Figure 2B, Table S1_Excel); 

of these, 43 (14%) are involved in organization of the cytoskeleton, an enrichment significantly greater 

than that expected by chance (p=2.1x10-11; Table S1_Excel; Figure 2C). Our results are consistent with 
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earlier work that established a role for Ypk1/2 in regulating actin-targeted cell growth 38 and 

corroborate a previous study that used BHS345 to identify regulators of actin organization 30 (Figure 2, 

Table S1_Excel). Indeed, Ypk1/2 inhibition alone (i.e. in the absence of Zeocin) also profoundly alters 

the cytoskeleton regulatory network (Figure 2C; see imaging in Figure 4). 

Many of the YCS- and Ypk1/2-specific targets function at the plasma membrane, where they control 

cell membrane growth, exo- and endocytosis 41 (Figure 2E). These include Pan1 (EPS15-like), Sla1, Las17 

(WASP), Abp1, Arp2, Sla2 and the yeast Epsins Ent1 and Ent2. Las17 is critical for the assembly of actin 

cortical patches 42, while the intersectin-related complex of Pan1/End3/Sla1 colocalizes with Las17 in 

actin patches to regulate Arp2/3 dependent actin polymerization 31,43. Las17 is predicted to be 

regulated by two functionally overlapping kinases (Prk1/Ark1) 41,44, which are themselves modified 

under YCS conditions. The Prk1 and Ark1 protein kinases, as well as the related kinase Akl1, regulate 

actin polymerization by phosphorylating Pan1 45,46 and Sla1, thereby inhibiting formation of the 

endocytic complex 29,47. Similarly, Las17 is inactivated by phosphorylation, and repressed by Sla1. 

Indeed, the dephosphorylated form of Las17 contributes to the Arp2/3-mediated formation of cortical 

actin patches 42,44. 

Intriguingly, several regulators of the cytoskeleton showed altered phosphorylation on high dose 

Zeocin alone, including Las17, Pan1, Sla1, Ent1, and Syp1, albeit often on different acceptor sites 

(Figure 2, Table S2). This suggests that oxidative DNA damage may itself alter cytoskeletal functions, 

although the three regulatory kinases Prk1, Ark1 and Akl1 are not hyperphosphorylated in the 

presence of Zeocin alone, but rather respond to ablation of the TORC2 signaling pathway (Figure 2D). 

Depletion of Pan1 and Las17 induces Zeocin hypersensitivity 

The phosphorylation events that arise under YCS conditions inactivate factors that stimulate actin 

filament dynamics at the plasma membrane, potentially releasing Las17/WASP from its cortical 

association. Given that the mammalian Las17 homologue, WASP, has been implicated in DSB repair 23, 

we tested whether its controlled degradation would be sufficient to phenocopy TORC2 inhibition on 
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Zeocin. We created a degron-tagged Las17 protein (Las17-AID) that is rapidly ubiquitinated and 

degraded upon the addition of auxin, indole-3-acetic acid (IAA) (Figure 3, Figure 3S1A) 48. We similarly 

tagged a second phosphorylation target involved in actin regulation, Pan1, which has been reported 

to shift to the nucleus in yeast under conditions of oleate toxicity 49. Neither the depletion of Las17 nor 

of Pan1 triggered DNA damage or genomic instability on their own (Figure 3A,B, lanes +IAA, -Zeo). 

However, on low level Zeocin the loss of either factor triggered YCS (+BHS, Figure 3A,B). In the case of 

Las17 degradation, YCS was as efficient as TORC2 inhibition (Figure 3B), while loss of Pan1 led to less 

efficient fragmentation (Figure 3A). This suggests that Las17 may be more directly involved in 

protecting from Zeocin-triggered toxicity, and that the effects of Pan1 may be largely through Las17, 

which it is known to control 41. 

To determine if the chromosome fragmentation that occurs upon loss of either Las17 or Pan1 reflects 

their impact on actin depolymerization, we combined their degradation with LatA, and tested for 

epistasis. Whereas Pan1 loss was partially additive with LatA (Figure 3S1B), the degradation of Las17 

was epistatic (Figure 3C), making it likely that a change in actin dynamics leads to YCS on Zeocin. To 

see if other factors involved in actin filament regulation during endocytosis have the same impact, we 

tested three nonessential factors involved in actin dynamics, Sla1, Abp1 and the formin Bni1, which 

bind Pan1, Las17 or actin itself (Figure 3S1C). All three factors are also Akl1/Ark/Prk phosphotargets 

41,47, with the Sla1 S449 phosphorylation being uniquely responsive to YCS conditions (Figure 2E). 

Nonetheless, none of these mutants triggered the sensitivity to 50 g/ml Zeocin that we observed 

upon degradation of Las17 or Pan1 (Figure 3S1D). At much higher levels of Zeocin (200 g/ml), we find 

that the loss of Sla1 enhanced sensitivity, while loss of Abp1 showed slight resistance to YCS (Figure 

3S1D). Cells lacking the yeast formin, bni1 , were not significantly different than wild-type cells under 

YCS conditions (Figure 3S1D). In conclusion, YCS does not respond generally to altered control over 

endocytosis, leading us to propose that Las17, in particular, plays a central role in this process. The fact 

that yeast formin is not directly involved in resistance or sensitivity to Zeocin, distinguishes our 

observations from the proposed role for mammalian formin in the repair of MMS-induced damage 20. 
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Nonetheless, actin depolymerization remains the most likely common event downstream leading to 

the epistasis of Las17 degradation and LatA in YCS. 

Changes in the actin cytoskeleton and Las17 localization during DDR and YCS 

Based on these results, two pathways appeared likely to link TORC2 inhibition to chromosome 

shattering. In one scenario, either Las17 (and/or Pan1) might be translocated to the nucleus to ensure 

proper repair of Zeocin-induced lesions 23. In a second scenario, these actin binding factors might act 

in the cytoplasm to indirectly influence repair functions, either through their ability to bind G-actin or 

by nucleating filament formation. It has been argued that the ability of Las17 to bind G-actin prevents 

an imbalanced F-/G- actin ratio, in parallel to its ability to nucleate actin filaments and to stimulate 

Arp2/3 mediated branching 32. 

To explore this, we examined mutations in Las17 for their sensitivity to Zeocin.  Confirming earlier data, 

we found that the deletion of LAS17 in a haploid yeast cell is lethal even without genotoxic challenge 

(Figure 3S1E). However, in the course of our investigation we received a las17  strain (KAY 473 from 

K. Ayscough) 32, which contained a suppressor that allowed las17  colonies to survive (Figure 3SF).

Through deep sequencing we could show that the suppressor mutation inactivates the gene encoding 

Cap2, a factor that antagonizes actin polymerization 50. We created our own cap2  strain and tested 

its sensitivity to YCS conditions. Indeed, the deletion of cap2 alone conferred partial resistance to 

Zeocin, and partially suppressed YCS triggered by loss of Las17 function (Figure 3D, lanes 11 and 15). 

The inhibition of TORC2, on the other hand, overcame the resistance conferred by cap2 . Taken 

together, this and the epistasis of LatA with Las17 degradation suggested that Las17 may function by 

regulating the pool of free actin (Figure 3C-F). 

We had detected the YCS-specific phosphorylation of Las17 by mass spectrometry, but mutation of 

this Ark1/Prk1 consensus phosphoacceptor site (T380 to either A or E) did not alter sensitivity to Zeocin 

(Figure 3S1F). On the other hand, the truncation of Las17 at aa 295, which eliminates the G-actin 

binding interface in its polyproline domain 32, was Zeocin-sensitive (Figure 3S1F). To determine 
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whether Las17 was required for recovery and growth after the repair of oxidative damage, or if it was 

important for repair itself, we triggered the transient degradation of Las17-AID during acute exposure 

to DNA damage (Zeocin, Figure 4A). We then plated cells in the absence of IAA and Zeocin, to monitor 

colony outgrowth. Whereas Las17 degradation did not compromise viability in the absence of damage, 

its degradation during the exposure to Zeocin reduced survival by 100-fold, consistent with the model 

that the absence of Las17 triggers irreversible damage when cells are exposed to Zeocin (Figure 4A). 

Las17, but not Pan1, relocates to mitochondria upon TORC2 inhibition 

This acute requirement for Las17 during incubation with Zeocin, led us to examine if the subcellular 

localization of Las17 changes under conditions of DNA damage and/or TORC2 inhibition, for instance 

by shifting to the nucleus to facilitate repair. Using high resolution deconvolved fluorescence 

microscopy in the presence of Rhodamine-coupled phalloidin to detect changes in filamentous actin, 

we monitored the subcellular localization of Las17-GFP and Pan1-GFP in response to 100 g/ml Zeocin 

alone, 1 M CMB4563 or the combination (YCS conditions). We confirmed that the Las17-GFP fusion 

was able to support normal growth and was only mildly sensitive to Zeocin arguing that the fusion 

protein was functional (Figure 3S1F). 

Two distinct actin structures can be visualized by rhodamine–phalloidin staining. Most dominant are 

the actin cables, which are cytoplasmic bundles of relatively long filaments that contribute to vesicle 

movement and cell polarity. The second structure are cortical actin patches, which are plasma-

membrane-associated clusters of endocytic proteins that contain short filaments, actin-binding factors 

and regulatory proteins (Figure 4B). In untreated cells, cytoplasmic actin cables were clearly marked 

by phalloidin, while Las17-GFP labeled the filaments weakly and marked the focal patches of actin at 

the plasma membrane or in emerging buds very strongly (Figure 4B,C). Pan1-GFP also is found in the 

cortical actin patches both in the presence and absence of CMB4563 (Figure 4C,D). As expected, nuclei 

were negative for phalloidin (F-actin) staining under all conditions. 
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Interestingly, upon TORC2 inhibition, Las17-GFP shows a striking relocation to bright round foci that 

are DAPI positive, which are sometimes adjacent to cell nuclei but still distinct (Figure 4C). MitoTracker 

dye and quantitation of the correlation coefficient showed that these structures are mitochondria 

(Figure 4E,F, Figure 4S2A). On Zeocin alone, neither Las17 nor the actin filaments are strongly 

delocalized, with Las17, Pan1 and phalloidin all labeling the actin foci at the plasma membrane (Figure 

4C-D). The YCS conditions led to a complete loss of actin filaments in the cytoplasm, the colocalization 

of Las17-GFP or Pan1-GFP with cortical actin, and a strong Las17 signal in round DAPI-straining foci 

that are found near but not in the nucleus, which appears to represent clusters of mitochondrial DNA 

(Figure 4E,G see arrows). We also observed a small Las17 focus on the outer face of the nuclear 

envelope in G1 and early S phase cells, under DSMO, Zeocin and YCS conditions (arrowheads Figure 

4G), which are not observed with Pan1. 

Las17 does not relocate to the nucleus under DNA damage or chromosome shattering conditions 

Even though the loss of Las17 alone triggered YCS on Zeocin, we could not detect Las17-GFP or Pan1-

GFP recruitment to the nucleus under any of the conditions used (Figure 4C,D,G). This apparent lack 

of relocation was quantified for Las17-GFP by integrating the nuclear GFP signal before and after 

Zeocin treatment (Figure 4S1A). Consistently, no repair foci containing Las17-GFP or Pan1-GFP were 

detected on Zeocin or YCS conditions (Figure 4G), nor were we able to recover Las17 at an HO-induced 

DSB by ChIP (data not shown), even though such recruitment was reported for mammalian cells 23. 

Given that the amount of Las17 necessary for a repair function might be below the threshold of 

fluorescence microscopy, we turned to a more sensitive assay to screen for nuclear Las17, namely, 

DamID. We fused a domain of the bacterial Adenine methyl transferase (Dam) to Las17 and expressed 

it at low levels, which should allow us to detect even a transient interaction of the Las17-Dam fusion 

with the genome either in the presence or absence of DNA damage 51. Dam methylates adenine in 

GATC motifs, rendering the cognate sites sensitive to cleavage by the restriction enzyme Dpn1. Since 

GmATC is absent in eukaryotes, sensitivity to Dpn1 is an indication that the Dam protein fusion had 
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access to the genome. The expression of Dam methylase alone served as a negative or background 

control, and as a positive control for a nuclear protein, we expressed Orc2 fused to Dam (Figure 4S1B). 

We did not observe an increased level of GmATC modification and Dpn1 cleavage upon expressing 

Las17-Dam cells, and in fact, the opposite was true: expression of the Las17-Dam fusion produced less 

Dpn1 sensitivity than Dam alone (Figure 4S1C). This was true both in the presence and absence of 

Zeocin; probing genomic DNA by Southern blot for the highly repetitive rDNA array showed the same 

lack of access for the Las17-Dam fusion (Figure 4S1C). We also extended this analysis to incubation 

with CMB4563 with and without Zeocin, but Las17-Dam expression generated less Dpn1 cleavage, than 

either Dam or Orc2-Dam expression, and was indistinguishable to an empty vector control. This, 

together with the absence of Las17-GFP signals in nuclei before or after damage, led us to propose 

that Las17 acts indirectly to protect from mis-repair of oxidized bases (Shimada et al., accompanying 

manuscript). 

Neither oxidative phosphorylation nor interaction through the LINC complex regulates YCS 

Given the striking colocalization of Las17 with mitochondria under YCS conditions, and its presence in 

a small focus resembling the SPB (Figure 4G), we next tested if either of these subcellular structures is 

relevant for protecting the genome from YCS. We first tested whether the mitochondrial respiratory 

function is important for preventing YCS, by exposing an F1F0-ATPase mutant to YCS-inducing 

conditions. We used a mutant (atp3 ) that eliminates ATP synthesis by oxidative phosphorylation, 

blocking growth grow on glycerol as a carbon source.  The strain was treated with Zeocin and BHS3435, 

to which it showed the same sensitivity as its isogenic ATP3+ parental strain (Figure 4S2B). Moreover, 

loss of F1F0-ATPase activity did not provoke YCS on Zeocin.  We also found that the addition of H2O2 

(Shimada et al., accompanying manuscript) and the ablation of superoxide dismutase (SOD), both of 

which are expected to increase oxidation in the cell, failed to replace either Zeocin or TORC2 inhibition, 

to trigger YCS (data not shown). Similarly, in the W303 background, a rho0 yeast strain deficient for 

mitochondrial DNA, showed wild-type sensitivity (data not shown). Nonetheless, the strong 
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colocalization of Las17 with mitochondria, and the fact that the perturbation of actin polymerization 

leads to mitochondrial reticulation 52,53, suggests that Las17 may contribute to mitochondrial integrity 

in a way that protects normal BER function (see Discussion). 

We also tested the potential importance of actin filaments and Las17 with respect to nuclear dynamics, 

which are driven by the interaction of cytoplasmic F-actin with either the Spindle pole body (SPB) or 

with LINC or Linker of Nucleoskeleton and Cytoskeleton complex.  Cytoplasmic filaments and motors 

can influence both the translational movement of the interphase nucleus and the movement of 

telomeres and irreparable breaks within the nucleus, in a manner dependent on the LINC complex and 

its associated SUN domain protein, Mps3 in yeast or SUN1 in mammals 54,55. Moreover, yeast nuclei 

were shown to make small oscillatory movements that are sensitive to actin depolymerization 56. The 

LINC-mediated bridge from F-actin to Mps3 passes by way of the KASH domain protein Mps2. We 

ablated a predicted actin filament binding domain of Mps2 (aa 83-98) 57, and also eliminated the 

chromatin binding N-terminal domain of Mps3 (mps3 75-150 58,59), to see if these might mediate the 

effect of Las17 ablation or of LatA on DNA repair (Figure 4S3A) . Neither deletion strain mimicked 

TORC2 inhibition, nor were they resistant to the synergistic effects of Zeocin and CMB4563 (Figure 

4S3B). We further tested an mps2-1 temperature sensitive allele at nonpermissive temperature but 

found no impact on Zeocin-induced YCS (data not shown), suggesting that Las17 promotes DNA repair 

by a pathway that is independent of the LINC complex. 

Las17 controls enhanced nuclear rotation in response to DSBs 

All the DNA damage tested in this study thus far was Zeocin-induced, because Zeocin is a more potent 

inducer of YCS than -IR or MMS-induced alkylation. Work on the human and fly WASP protein, 

however, has implicated Las17 homologues in the directed movement of DSBs 19. Given that DSBs 

account for less than 10% of Zeocin-induced lesions 60, we next examined the impact of Las17 

degradation on a targeted DSB.  Induction of Gal1p::HO leads to an efficient cleavage event at MAT 
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locus on Chr III, and the presence of an integrated Lac operator array allows us to track the mobility of 

the break with rapid time-lapse imaging (Figure 5A). 

We performed 3D time lapse imaging of GFP-LacI tagged MAT loci following cut induction with or 

without the degradation of Las17-AID (+/- IAA). As expected, we detected an enhanced subdiffusive 

movement upon induction of the break (Figure 5B). Interestingly, the increase in the radius of 

constraint (following cleavage Rc increased from 0.22 m to 0.30 m, after Las17 degradation, vs an 

increase from 0.23 m to 0.36 m in the control) was attenuated, but not lost, upon Las17 degradation 

(Figure  5B).  To  get  a  more  accurate  idea  of  how the movement changes, we extracted a set of 

biophysical parameters for the single-locus movement, as reported previously 56. Like the Rc, the length 

of constraint (Lc) increased upon DSB induction both with and without Las17, with an equally significant 

jump (Figure 5C). Similarly, the drop in the effective spring coefficient (Kc) was similar and was thus 

indifferent to the presence of Las17 (Figure 5C).  

A closer look at the biophysical parameters of movement revealed that even without damage, basal 

dynamics of the tagged MAT locus were slightly lower in cells lacking Las17 (see Lc, Figure 5C). Indeed, 

the anomalous exponent, increases with directed or nonrandom motions, was clearly lower 

in the absence of Las17 ( , Figure 5C). To make sure that the changes are not due to a failure to resect 

or activate the checkpoint in the absence of Las17, we monitored Rad53 phosphorylation following 

DSB induction. The level of Rad53 upshift was equivalent both in the presence and absence of Las17 

(Figure 5S1). Moreover, resection at the break was unchanged by Las17 degradation (Figure 5D). This 

is in contrast to results in mammalian cells, where resection was reduced upon inhibition of the WASP 

downstream target Arp2/3, or in lymphocytes of patients with a WASP mutation 23. 

The reduced basal movement observed upon Las17 degradation was reminiscent of chromatin 

dynamics that had been monitored on LatA 56. Because both Las17 degradation and LatA ablate 

cytoplasmic actin filaments that drive nuclear oscillation, we specifically monitored the translational 

movement of the nuclear SPB in the presence and absence of Las17. We found a striking and very 

similar drop in the fine movement of the fluorescently tagged SPB protein, Spc29, following treatments 
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that either degrade Las17 or depolymerize actin through LatA. After damage

were identical following the loss of Las17 and LatA treatment (Figure 5E). This change in  we have 

explained as arising from translational or oscillatory nuclear movements that are dependent on the 

cytoskeleton 56, much like that reported for an uncapped mammalian telomere in mammalian cells 55. 

These movements are distinct from the increased DSB mobility that has been linked to checkpoint-

induced histone eviction 61. Thus we confirm that Las17/WASP degradation does influence whole 

nuclear movement, but does not alter the increase in mobility scored as increased Rc or Lc, or decreased 

Kc (Figure 5B,C). While this confirms that LatA and Las17 appear both to work on a common pathway, 

it argues against a direct role for Las17/WASP in repair or damage mobility. 

Filament-forming nuclear actin enhances Zeocin sensitivity 

One role of Las17 is to deliver actin to Arp2/3 in order to stimulate filament branching. It also binds G-

actin with an internal domain that can nucleate actin filaments as well 32. Not surprisingly, loss of Las17, 

like the depolymerization of actin filaments by LatA, leads to an increase in free cellular G-actin 33. 

Therefore, we next manipulated the subcellular distribution and balance of G- and F-actin pools to see 

if these would mimic YCS conditions. To test the impact of actin, it is essential to be able to modulate 

nuclear actin independently of the cytosolic actin pool. This cannot be done by simply overexpressing 

wild-type ACT1, because even when controlled by a TET-off promoter, Act1 overexpression leads to a 

pronounced inhibition of cell growth (Figure 6A, YPD). In contrast, an equivalent level of 

overexpression of a mutant form of actin, which lacks a nuclear export signals (act1nes) and 

accumulates in the nucleus 11 was well tolerated (Figure 6A). We checked the levels and subcellular 

localization of the overexpressed actin forms, by performing chromatin fractionation before and after 

induction of the wild-type and act1nes mutant (Figure 6B). We see that protein levels are roughly equal, 

but only act1nes accumulates in the nucleus, and associates significantly with the insoluble chromatin 

pellet (Figure 6B). Intriguingly, although act1nes expression was not toxic in the absence of damage, it 

conferred a strongly enhanced sensitivity to Zeocin (Figure 6A). 
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To examine the impact of nuclear actin polymerization on Zeocin sensitivity, we further mutated 

act1nes gene (Figure 6C,D). All mutants were expressed at roughly similar levels as act1nes. We find that 

the expression of act1-S14Cnes, a mutation that favors nuclear F-actin 62, was the most sensitive to 

Zeocin (Figure 6D), while a polymerization-deficient actin (APnes), carrying two additional mutations at 

the pointed end (A204E/P243K) 63, resembled act1nes. We conclude that the nuclear accumulation of 

actin per se sensitized cells to Zeocin, and that a filament favoring form of nuclear actin was particularly 

toxic.  

We extended our viability assays to see if targeting actin to the nucleus alone triggers YCS in the 

presence of Zeocin. Using the strains that express nuclear actin on top of the endogenous wild-type 

actin complement, we treated cells with Zeocin and monitored chromosome integrity by CHEF gel 

analysis.  Overexpression of act1nes and S14Cnes led to partial chromosomal fragmentation in the 

presence of Zeocin, while overexpression of APnes actin did not (Figure 6E, see asterisks). Act1nes and 

S14Cnes were also the most efficient at activating the DNA damage checkpoint (Figure 6S1B). The 

requirement for higher concentrations of Zeocin than those used the presence of TORC2 inhibition, 

can be attributed to the absence of other events that sensitize to nuclear actin toxicity. In any case, 

the striking result is that an elevated level of nuclear actin leads to Zeocin-induced chromosome 

fragmentation. This argues strongly that the effect of TORC2 inhibitors or Las17 degradation on YCS 

may well stem from elevated nuclear actin levels arising from an inability to maintain cytoplasmic actin 

polymers.  

Besides mutations in actin that affect filament formation, we examined a cluster of mutations on the 

lateral side of the molecule that does not interfere with polymerization, but which blocks interaction 

with various ligands that bind electrostatically to an acidic patch (Figure 6S2A). This mutant, act1-111 

(bearing mutations D222A, E224A and E226A), greatly slows down endocytosis and cell division due to 

a partial dissociation of actin cables (Figure 6S2B) 64,65. The act1-111 mutation also triggered Zeocin 

sensitivity both when it was expressed with the NES mutation, such that it would primarily accumulate 

in the nucleus (data not shown), or in place of the endogenous ACT1 (Figure 6S2C). Importantly, the 
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expression of act1-111 is sufficient to trigger YCS on Zeocin alone (Figure 6S2D), without TORC2 

inhibition and with Las17 fully intact. We next examined whether the act1-111 protein alters Las17 

distribution, or its association with either mitochondria or nuclei. However, under conditions that led 

to YCS, Las17-GFP showed strong colocalization with mitochondria and an absence from nuclei (Figure 

6S2E). Importantly, Las17-GFP colocalizes with mitochondria even when wild-type ACT1 is expressed 

in the act1-111 background, which reduces Zeocin sensitivity and suppresses the YCS phenotype. This 

argues against Las17’s impact on mitochondria as the driver of YCS and instead suggests that it acts 

through actin regulation. It is noteworthy that the Las17-PP domain is among the proteins that act1-

111 fails to bind 32. 

Synergy between actin depolymerizing agents and oxidative damage is conserved in human cells 

To test if the negative synergy between Zeocin and actin filament disassembly is conserved in 

mammalian cells, we treated primary human fibroblasts (HDFn) either with Zeocin alone or together 

with a compound that is equivalent to LatA, Latrunculin B or LatB. We carried out the treatment 

sequentially, to avoid that the first treatment itself might interfere with the second. Thereafter we 

monitored the phosphorylation of H2AX ( H2AX), a robust indicator of DNA damage checkpoint 

activation in mammals 66. Whereas Zeocin alone produced a H2AX signal, the combination of 

Zeocin and LatB provoked a strong signaling response (Figure 7A). To explore the interdependence of 

Zeocin and LatB effects on checkpoint signaling, we exposed human primary fibroblasts to a series 

of Zeocin levels, followed by a titration of LatB. We measured  by quantitative image-based 

cytometry 67. At all Zeocin levels tested, the subsequent incubation with LatB strongly enhanced the 

H2AX signal in a concentration- dependent manner (Figure 7B). This additive increase in checkpoint 

signaling correlated well with the increase in DNA breaks that we monitored by Comet assay under 

similar conditions (Figure 7S1A).  

To confirm cytologically that the combined treatment of Zeocin and LatB entails both depolymerization 

of the cytoskeleton and damage foci appearance, we supplemented the HDFn culture with SiR-actin to 
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visualize actin, and treated the cells with LatB, Zeocin or the combination of LatB and Zeocin. After +1 

h, cells were fixed and immunostained for H2AX, to visualize DNA damage foci and cellular actin. 

Quantitation of the H2AX showed an increase in response to Zeocin, and a synergistic increase during 

the combined treatment, while the actin cytoskeleton showed disassembly only on LatB or during the 

combined treatment (Figure 7C). As in yeast, we could not detect F-actin accumulation in the nucleus 

under any of the conditions monitored. 

We next asked whether the combination of oxidative damage and actin depolymerization also led to 

death of primary human fibroblasts. The treatment of HDFn cultures with LatB or Zeocin alone showed 

very little cell death, but roughly 10% of cells stained positive for Trypan blue after 1 h of simultaneous 

administration of LatB and Zeocin (Figure 7D). This indicates rapid cell death and high susceptibility to 

Zeocin for HDFn cells under conditions of actin depolymerization (Figure 7D).  

Given that the synergy of Zeocin and actin depolymerization might be useful in cancer treatment, we 

next monitored synergistic lethality in the human colorectal cancer cell line HCT116. Proliferation of 

HCT116 cells treated with serial dilutions of Zeocin in presence of either an mTOR catalytic inhibitor 

(AZD8055) 68, an mTORC1 inhibitor (RAD001), an actin polymerization inhibitor (Cytochalasin D), or 

Nocodazole, was measured after 3 days. We were unable to use the CMB4563 and NVP-BHS345 

inhibitors because in mammalian cells both inhibit a broad range of PIK kinases. Zeocin treatment in 

combination with AZD8055 or Cytochalasin D resulted in a synergistic drop in cell proliferation, while 

Zeocin combined with RAD001 or nocodazole did not exhibit synergy but simple additivity (Figure 7E,F; 

Figure 7S1B). A similar proliferation assay in human primary fibroblasts, however, failed to show the 

same synergism, suggesting that alternative repair pathways may mollify the cytotoxic effect of the 

dual treatment. We conclude that modulating the TORC2-actin pathway affects DNA damage signaling, 

DNA breaks, survival and proliferation of some human cell lines exposed to Zeocin-induced damage.  
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DISCUSSION  

TORC2 regulates polar cell growth, sphingolipid biogenesis and the actin cytoskeleton 69. We previously 

sh

fragmentation of yeast chromosomes 27. Shimada et al. now show that this is due to altered Base 

excision repair, and that the misprocessing of oxidized bases by AP endonucleases drives DSB 

formation at adjacent sites of damage (Shimada et al., accompanying manuscript). Here we 

characterize the link between TORC2 and events that interfere with the appropriate repair of Zeocin-

induced DNA damage. We show that maintenance of a robust actin cytoskeleton is necessary to 

maintain genomic integrity following damage induced by Zeocin. Indeed, inhibiting actin 

polymerization with LatA phenocopies inhibition of TORC2 with respect to Zeocin hypersensitivity and 

chromosome shattering in yeast. Moreover, the degradation of a key phosphotarget of TORC2 

inhibition, Las17, which binds G-actin 32 and stimulates Arp2/3 mediated actin filament branching by 

providing G-actin at the site of elongation 33, also phenocopies TORC2 inhibition on Zeocin. The 

demonstrated epistasis between LatA and TORC2 inhibition, and LatA and Las17 degradation, argue 

that the trigger for genome instability arises from reduced actin polymerization.  

We propose that the integrity of the actin cytoskeleton regulates the sensitivity of yeast cells to Zeocin 

by preventing the accumulation of a “toxic” level of nuclear actin. We show that blocking nuclear 

export of actin sensitizes cells to Zeocin, and that in the nucleus, an actin mutant that favors filament 

formation is slightly more debilitating than wild-type actin or a G-actin favoring mutant. This may 

reflect a more efficient retention of F-actin over G-actin in nuclei, or else may indicate that F-actin is 

more effective at altering BER. However, given that LatA, which antagonizes actin polymerization in 

the nucleus as well as the cytoplasm, can trigger YCS, it is unlikely that only nuclear F-actin is toxic.  It 

could simply be that an excess of nuclear actin per se is toxic, with the G-/F-balance contributing only 

to the efficiency of nuclear retention 70. 

By phosphoproteomics we confirmed that the combination of Zeocin and TORC2 inhibition leads to 

the phosphorylation of multiple regulators of endocytosis and actin polymerization, including Las17 or 
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WASP 29,30. Yeast Las17 binds G-actin directly through an arginine cluster in a polyproline domain, as 

well as with its C-terminal WH2 domain which stimulates Arp2/3 mediated branching of actin filaments 

32,33. The removal of the C-terminal domain of Las17, which includes both the PP- and WH2 binding 

sites for G-actin, renders cells highly sensitive to Zeocin (Figure 3). It is unclear, however, what 

importance the Ypk1/2-sensitive phosphoacceptor site has, given that the mutation of T380 to either 

alanine or glutamate, did not alter the cell’s sensitivity to Zeocin (Figure 3).  Two arginine to alanine 

substitutions in the basic, actin-binding PP domain of Las17 33 was also insufficient to trigger YCS on 

Zeocin (data not shown), although this is consistent with the fact that Las17 has more than one mode 

of binding actin 32,33. 

In budding yeast, we have been unable to find evidence for a nuclear role for Las17 in DNA repair, nor 

for any of its targets or ligands such as Pan1, Abp1 or formin. Using a highly sensitive DamID assay, we 

confirm that there is no increase in nuclear localized Las17 under YCS or high Zeocin conditions. This is 

in stark contrast to the role proposed for mammalian WASP in DSB repair in mammalian cells 23. In 

contrast, we show a robust co-localization of Las17 with mitochondria under conditions that inhibit 

TORC2 or depolymerize actin. Mitochondrial integrity is compromised upon the loss of normal actin 

cytoskeleton polymerization 53,71.  Thus, under conditions of stress induced by actin depolymerization, 

we propose that Las17’s association with mitochondria and cortical patches serves a purpose, as it 

continues to bind and sequester G-actin. Las17 may contribute to actin homeostasis at these sites 

under conditions that depolymerize filaments, to prevent an excessive release and nuclear uptake of 

G-actin, which appears to trigger misrepair. Serving as an actin buffer under stress, Las17 may allow F-

actin nucleation at these key sites once the stress is resolved. Given our observation that the loss of 

Las17 affects nuclear oscillatory movement, a further site that Las17 may protect could be the spindle 

pole body or a LINC complex on the outer face of the nuclear envelope (Figure 4).  

Whereas our results with the gain-of-function act1nes mutant argue that Las17 controls a pool of G-

actin, it is also possible that Las17 regulates the nucleo-cytoplasmic distribution of other factors.  Two 

such factors might Apn1 and Dna2, which are both involved in long-patch Base excision repair (LP-BER) 
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72,73. Apn1, the abasic site endonuclease, and Dna2, a helicase involved polymerase elongation and DSB 

repair, are found in both the nucleus and mitochondria under normal conditions 74,75. Upon loss of 

actin filament integrity, and reticulation of the mitochondria, the two factors may be released and 

taken up by the nucleus.  In the accompanying paper, we show that coordinated repair of two adjacent 

lesions is essential to prevent DSBs during LP-BER (Shimada et al., accompanying manuscript).  We 

propose that an excess of Apn1 may drive premature processing of adjacent breaks, while an excess 

of Dna2 could augment DNA polymerase processivity, thereby contributing to DSB formation (see 

Figure 8).  Thus, in addition to the toxic effects of nuclear actin, we consider that Las17 may ensure the 

appropriate subcellular sequestration and release of repair factors. Excess or hyperactive repair factors 

would be an alternative, and not mutually exclusive, driver of the YCS phenotype.  Such mislocalization 

events have been demonstrated in mammalian cells under various stress conditions. For instance, 

stimulation of PI3 kinase Rac regulates glycolysis by depolymerizing the actin cytoskeleton to detach 

F-actin bound aldolase 2.

In a few systems it has been observed that actin filaments assemble in the nucleus under stress, 

presumably serving a protective function (reviewed in 76). In Xenopus, mammalian cells and Drosophila, 

studies have suggested a positive role for nuclear actin in various types of DNA repair 19,20,23,77. On the 

other hand, elevated nuclear actin levels have been correlated with pathological conditions such as 

intranuclear rod myopathy in humans 78. Moreover, mammalian cells depleted either for importin-9 

or exportin-6, which decrease and increase nuclear actin levels respectively, both lead to 

transcriptional repression 9. Thus, it will be important to rule out that indirect transcriptional effects 

arising from actin misregulation alter repair function.  Both our findings and those of others 

nonetheless indicate that a well-controlled balance of nuclear and cytoplasmic actin, as well as an 

appropriate balance between G- and F-forms of actin, are important for the survival of genotoxic 

stress. Whether nuclear actin plays a positive or a pathological role may depend on the type of DNA 

damage incurred.  
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Here we have shown that the detrimental effect of cytoplasmic actin depolymerization detected in 

yeast, extends to human cells exposed to Zeocin. We detect an increase in DNA damage and single 

strand breaks in mammalian cells exposed to inhibitors of F-actin polymerization, but we do not score 

complete genome fragmentation. This most likely reflects the diversity of repair mechanisms that 

handle Zeocin induced base oxidation 72. Zeocin-induced base oxidative and DNA single strand breaks 

60, in mammals are efficiently repaired by XRCC1-mediated Short-patch BER, while in yeast actin 

depolymerization was shown to primarily misregulate Long-patch BER (Shimada et al., accompanying 

manuscript).  Other differences may lie in the fact that the mammalian Las17 homologue, WASP, 

contains both a nuclear localization and a nuclear export signal 79. WASP appears to have specific 

nuclear functions that entail interaction with human SWI/SNF chromatin remodeling complex. 

Moreover, WASP mutants alter H2A.Z enrichment through an interaction with EP400 80.  Importantly, 

both the SWI/SNF remodeler and the H2A.Z depositing SRCAP/SWR1 complex contain actin in complex 

with actin related proteins, as does INO80. Given that this may render these complexes sensitive to G 

actin levels, we propose that chromatin remodelers could indirectly mediate the pathologies that arise 

from F-actin depolymerization, as well (Figure 8). Further studies are required to address which aspects 

of actin misregulation are shared between mammalian and yeast repair pathways. Despite the species-

specific differences that exist in BER, our data argue that nuclear actin can lead to a pathological 

processing of DNA damage, or to the misregulation of repair, which in both cases leads to cell death. 

Initial evidence suggests that this may be exploited to treat tumor cells with specific deficiencies 35. 
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Materials and Methods 

Yeast Chromosome Shattering Assay 

Dilution of yeast cells in synthetic complete (SC) media containing 2% glucose were prepared so that 

the cultures reached an OD600 ~ 0.5 simultaneously. Cultures were split and treated with the indicated 

concentrations of drugs for 1-2 hrs. Cultures were washed in ice cold wash buffer (10 mM Tris-HCl pH 

8, 50 mM EDTA) and yeast genomic DNA was prepared for CHEF gel analysis. Cells were resuspended 

in 50 l Zymolase buffer 0.8 (100 mM NaHPO4 pH 7, 50 mM EDTA, 1 mM DTT, 0.8 mg/ml Zymolase) 

and mixed with 50 l 3% pulse-field certified agarose (Bio-Rad) in 0.5x TBE buffer to form a plug. Plugs 

were incubated for 60 min at 37°C in Zymolase buffer 0.4 (100 mM NaHPO4 pH 7, 50 mM EDTA, 1mM 

DTT, 0.4 mg/ml Zymolase), washed in wash buffer and then incubated at 50°C with Proteinase K buffer 

(10 mM Tris-HCl, 50 mM EDTA, 1% Na-N-Lauroyl Sarcosinate and 1mg/ml Proteinase K) overnight. 

After washing, plugs were run on a gel containing 1% pulse-field certified agarose (Bio-Rad) in 0.5x 

TBE. Yeast chromosomes were separated in a CHEF-DRII (Bio-Rad) at 14°C with 6 V/cm and a 60-90 s 

switch time at an included angle of 120° for 24 h. 

Haploinsufficiency profiling (HIP) 

Haploinsuffiency profiling was performed as described in 37.  

Survival assays 

Exponentially growing yeast cells (YPAD medium) of the indicated strains were arrested with -factor 

min) at 30°C. Samples were diluted 1:10000 and 100 l were plated on YPAD agar plates and grown at 

30°C for 2-3 days. Colonies were counted on images of the plates with the ImageJ Cell Counter plugin, 

counts were normalized and plotted on a log scale. 

Resection assay 

Cells were grown in YPLG medium to a density of 1.2E7 cells/ml and treated with 3% galactose ± 0.25 

mM IAA. 10 ml samples were taken at time points 0, 1 h and 2 h, DNA was extracted (Lucigen, Yeast 
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DNA Purification Kit, Cat. No. MPY80200) and resuspended in 50 l water. 4  DNA was digested with 

10 units AluI (37°C, 14 h, NEB Cut Smart buffer). For SYBR green based qPCR (Thermo Fisher Scientific, 

l l reaction. A 2-

step PCR (95 °C for 15 s, 60°C for 60 s, 45 cycles) was carried out and Ct values were used for 

quantitation. Loci were normalized to the qPCR signal at the SMC2 locus. The amount of ssDNA was 

normalized to cut efficiency (65%), which was determined as described above. 

Trichloric acid (TCA) precipitation, SDS PAGE and Western blots 

2 ml of yeast cells (OD600 0.4-0.8) were pelleted by centrifugation and lysed with 100 l NaOH-

Thioglycerol (80% 2 M NaOH, 20% Thioglycerol) for 10 min on ice. Then, total protein was precipitated 

by addition of 100 l TCA (50%) for 10 min on ice and pelleted by centrifugation at 4°C for 10 min at 

top speed. Then, samples were washed with 1 ml 50 mM Tris/HCl pH 8 and boiled for 10 min at 95°C 

with 2x Western blot sample buffer (NuPAGE).  

Proteins in sample buffer containing reducing agent (both from NuPAGE) were size separated in 4-12% 

gradient Bis/Tris gels (BoltTM) for 40-90 min at 120-200 V with either MOPS/MES SDS running buffer 

(1x, NuPAGE). Proteins were transferred to a PVDF membrane (Trans-Blot Turbo, 0.2 m, Bio-Rad) by 

a transfer system (Trans-Blot Turbo Transfer System, Bio-Rad) and blocked in 5% TEN-T milk for 1 h at 

RT prior to incubation with a primary antibody (overnight, 4°C). Then, membranes were washed 3x20 

min in TEN-T and incubated with the secondary HRP-coupled antibody (5% milk/TENT, 1 h, RT). After 

a second round of 3x20 min washes the signal was detected with ECL select, Luminol and Peroxide 

solutions (Amersham) and the Amersham Imager 600.  

Phosphoproteomic analysis 

The label-free phosphoproteomic analysis to identify differentially phosphorylated proteins under 

conditions of yeast chromosome shattering was performed as described in 40 . 

Chromatin Fractionation 

Yeast cells containing pCM190 based ACT1 overexpression plasmids were grown over night in synthetic 

complete media containing 2% glucose and 1 g/ml doxycycline to quench actin expression. Cells were 

washed twice in synthetic complete media containing 2% glucose, diluted 1:50 and cultured for 6 h in 

absence of doxycycline. Cell cultures were washed in 100 mM EDTA, 10 mM DTT, 1 mM PMSF and 

incubated for 10 min, prior to resuspension in 2 ml of spheroplasting buffer (20 mM KH2PO4 pH 7, 1.1 

M sorbitol, 1 mM PMSF, 0.4 mg/ml Zymolase) and incubation at 30°C until the yeast cell wall is 

degraded. Spheroplasts were washed twice in in ice cold wash buffer (5 mM HEPES pH 7.5, 20 mM KCl 

2 mM EDTA, 125 M spermidine and 50 M spermine, 1 M sorbitol, 1 mM PMSF and 1% Trasylol). The 

spheroplasts are then resuspended in 2x the volume of ice cold extraction buffer (50 mM HEPES pH  
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7.5, 100 mM KCl, 2.5 mM MgCl2, 10 mM glycerol 2-phosphate, 0.1 mM Na3VO4, 1% Trasylol) and an 

equal volume of EB buffer + 0.5% Triton X-100 was added for lysis (total protein fraction). To separate 

chromatin-bound from soluble proteins, the lysate was centrifuged for 10 min at 10000g at 4°C. 

Resulting fractions were analyzed by Western blot.  

Detection of nuclear localization of Dam fusions 

Constructs are described in Figure 4S1. In brief, yeast codon optimized Dam, Las17-Dam, and Orc2-

Dam fusion were expressed on a single copy plasmid from a GAL1 promoter (p415-GAL1, see Table 

S4). The plasmid transformants in GA-1981 wild-type cells were exponentially grown SC-LGG-leucin 

(synthetic medium minus leucine with 3% glycerol, 2% lactic acid, and 0.05% glucose) and DNA was 

isolated with the MasterPure™ Yeast DNA Purification Kit (Lucigen). Subsequent restriction digestion 

with DpnI or Sau3AI (New England Biolabs) was overnight at 37°C. Products were subjected to 1% 

agarose gel eletrophoresis in 0.5xTBE and staining with SYBR safe (Thermo Fisher Scientific). DNA is 

visualized by the Typhoon FLA 9500 scanner (GEHealthcare LifeSciences). For Southern analysis, the 

gel was transferred to the positively charged nylon membrane (Roche), which was probed for DIG-

labelled rDNA (RFB region), followed by anti-DIG-alkaline phosphatase conjugated antibody (Roche). 

The signal was developed with CTD star substrate (Roche) and visualized by Amersham Imager 600. 

ELM search tool 

The mps2 mutant was designed based on a predicted actin binding domain (aa83-98) identified by the 

Eukaryotic Linear Motif Resource for Functional Sites in Proteins (http://elm.eu.org/search/) plus 

deletion of the amino acids upstream of this putative binding site to eliminate potential additional N-

terminal interactions with the cytoskeleton. 

Microscopy techniques 

Quantitative image-based cytometry in mammalian cells 

Quantitative image-based cytometry for measurement of DNA damage signaling was performed as 

described in 67,81. Measurements for viability analysis and synergy calculation in mammalian cell culture 

were performed on HCT116 cells cultured in McCoy’s media 10% FBS 2 mM glutamine at 37°C in 5% 

CO2. Cell proliferation was measure by CellTiter-Blue (Promega).  

Immunofluorescence analysis of mammalian cells 

HDFn cells were seeded on cover slide and fixed with 4% paraformaldehyde in Phosphate-buffered 

saline (PBS) for 15 min at room temperature. Cells were washed once with PBS then treated with 0.5% 

TritonX-100-PBS for 10 min, then washed with PBS and blocked with 2% BSA-PBS for 10 min. 

Immunostaining with 1:1000 diluted anti-phospho-Histone H2A.X (Ser139) antibody (clone JBW301 
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Merck Millipore) was in PBS at 37°C for 1 h. Cells were washed three times with PBS and incubated 

with 1:1000 diluted Alexa Fluor® 488 (Thermo Fisher Scientific) and 2 M SiR-actin (Cytoskeleton. Inc.) 

in PBS at 37°C for 1h. Cells were washed three times with PBS and counterstained with 10 g/ml 4',6-

Diamidino-2-phenylindole, dihydrochloride (DAPI) in PBS for 2 min. Cells were washed once with PBS 

then mounted with VECTASHIELD Mounting Medium (Funakoshi). Immunofluorescence images were 

acquired by Olympus IX83 with Olympus DSU Spinning Disk confocal using cell Sens software 

(Olympus).  

Comet Assay 

Alkaline comet assay was performed with CometAssay kit according to its instruction method 

(TREVIGEN, 4250-050-K). DNA was stained with SYBR Gold Staining solution (Thermo Fisher Scientific) 

and the image was acquired by Olympus IX83. Tail moment was analyzed by CaspLab software 82.  

Yeast fluorescence microscopy 

For microscopy experiments yeast were grown overnight in synthetic complete media containing 2% 

glucose. Then, the cultures were diluted to 1:40 in 5 ml and grown till OD600 ~ 0.6. Cells were fixed in 

4% PFA (paraformaldehyde) for 5 min, washed 3 times in PBS and resuspended in a final volume of 500 

l PBS. For all imaging regimes, cells were fixed to a thin, SIM grade, Zeiss 1.5 glass coverslip using 

Concanavalin A.  

All images were acquired on Olympus IX70 widefield microscope using a Prior Scientific Lumen 200 Pro 

illumination system. Photons were captured on an Andor Zyla 4.2 Plus sCMOS camera. Using a UPlan 

S APO 100x/1.4 oil objective, 40 - 60 Optical sections (50 – 200 ms exposure) of 0.2 nm were taken to 

section the whole plain of the yeast. A Semrock Penta-edge 4DB filter cube (408/504/581/667/762) 

was used with the following Semrock Brightline excitation and emission filter sets: DAPI 387/11, 

440/40; GFP 485/20, 525/30, RFP (Used for mitotracker/Rhodamine phalloidin) 556/20 AFH, 607/36.  

To stain mitochondria, MitoTracker (Invitrogen) CMXRos (5 nM) was added for 1 h prior to fixation. 

Actin filaments were stained overnight by adding 10 l of Rhodamine phalloidin (6.6 M) to 100 l of 

fixed cells (4% formaldehyde for 5 min).  After washing in PBS, the cells were imaged using super 

resolution microscopy as above. DNA content within cells was stained by adding 100 ng/ml DAPI 

solution to PFA fixed cells for 1 h followed by washing 3x in PBS.  

Images were deconvolved using Huygens professional and channel aligned using a custom Fiji (ImageJ) 

plugin. Images presented in figures are maximum intensity Z-projections that have been scaled 3-fold 

using bilinear interpolation. For enlargements in Figure 4G, DAPI images were thresholded in Adobe 

Photoshop. 
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Quantification of nuclear Las17-GFP 

Cells expressing GFP-tagged Las17 were treated as indicated and fixed with 4% formaldehyde at 4°C 

overnight for microscopy. Cell nuclei were stained with DAPI (blue) and image stacks were acquired in 

both channels (10 planes, 200 nm distance). Nuclei that could be tracked across at least 5 planes were 

analyzed. Within a blue nuclear mask, the green average intensity was measured per plane and 

averaged across 5 planes to receive a single nucleus mean intensity value. The number of measured 

nuclei is indicated in the figure legend. The level of significance was determined by the Wilcoxon rank 

sum test. 

Colocalisation of Las17/Pan1-GFP with MitoTracker  

Single planes images taken from stacks in both the green (GFP) and red (MitoTracker) channel were 

thresholded automatically (“Moments dark”) and the background was set to zero. Thresholded images 

were checked manually and out of focus images were removed. Colocalization of the green with the 

red channel was determined per plane with the cell profiler “MeasureColocalization” module. Plotted 

are single plane values of the Pearson’s correlation coefficient. The number of cells measured was 

determined by counting nuclei on a maximum intensity projection of a stack in the blue channel (DAPI, 

nuclear staining) with the Fiji Cell Counter plugin 

Time lapse imaging of DSBs 

Live microscopy was performed at 25°C on a Nikon Eclipse Ti microscope, two EM-CCD Cascade II 

(Photometrics) cameras, an ASI MS-2000 Z-piezo stage and a PlanApo x100, NA 1.45 total internal 

reflection fluorescence microscope oil objective and Visiview software. Fluorophores were excited at 

561 nm (for Ruby2) and at 491 nm (for GFP), and emitted fluorescence was acquired simultaneously 

on separate cameras. Time-lapse series were streamed taking 8 optical slices per stack every 80 ms for 

60 s with 10 ms exposure times per slice respectively. Image processing was performed with NIH image 

J. For details of movement analysis see 56.
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Figure Legends  

Figure 1: TORC2 inhibition and Latrunculin A act on the same pathway for Zeocin-induced 
chromosome shattering 

A) Structures of the related imidazoquinoline TORC inhibitors CMB4563 and NVP-BHS345.
B) Isogenic GA-6148 (TOR2) and GA-6150 (tor2V2126G) strains were treated with 75 g/ml Zeocin

in combination with 0, 0.05, 0.1, 0.2, or 0.4 M CMB4563 for 75 min. Genomic DNA was
subjected to Contour-clamped homogeneous electric field (CHEF) gel electrophoresis and
stained by ethidium bromide. The tor2V2126G mutation blocks the imidazoquinoline binding
pocket and renders GA-6150 resistant to CMB4563 and YCS. Molecular weight markers and
yeast chromosome numbers are indicated.

C) GA-1981 (WT) yeast cells were exponentially cultured, then treated with either 1% DMSO (-),
0.5 M CMB4563 (CMB), 20 M Latrunculin A (LatA), or 50 M Nocodazole (Noc) with or
without 50 g/ml Zeocin for 80 min. Total protein extract was subjected to Western blot
probed with anti-H2A-S129-phospho antibody 83 and anti-actin antibody (Milipore). Histone
H2A is phosphorylated by the DNA damage checkpoint kinases Tel1 and Mec1.

D) Yeast genomic DNA from WT cells treated as in C) was analyzed by CHEF gel electrophoresis
as in B) and was stained with HDGreen. Gel conditions as panel B.

E) Exponentially cultured WT cells (GA-1981) were treated with Zeocin (50 g/ml), CMB4563
(0.5 M), LatA (20 M), or in combination of those drugs for 45 or 80 min as indicated.
Genomic DNA was isolated and subjected to CHEF gel analysis as in C. Scans of signal
intensities of relevant lanes are plotted.

F) YPK1 ypk2  (GA-5892) and ypk1-as ypk2  (GA-5893) cells were exponentially cultured in SC,
and treated with Zeocin (50 g/ml), LatA (20 M), or a combination of LatA + Zeocin, in the
presence of 0.5 M 1NM-PP1, which inactivates the analogue sensitive (as) allele of Ypk1.
Incubation was for 45 or 90 min as indicated. Genomic DNA was analyzed as in B) and
scanned as in E).

Figure 1 supplement 1 (Fig. 1S1): CMB4563 is a more potent TORC2 inhibitor than BHS345 

A) Exponentially cultured WT cells (GA-1981) were treated with Zeocin (80 g/ml) and the
indicated concentrations of either CMB4563 or NVP-BHS345 for 80 min. Genomic DNA was
isolated and subjected to CHEF gel analysis as in Figure 1B and was stained with HDGreen. In
the absence of Zeocin neither inhibitor triggers genomic fragmentation, and CMB4563 elicits
YCS at roughly 10-fold lower concentrations than NVP-BHS345.

B) As A) exponentially growing GA-1981 cells were incubated with 75 g/ml Zeocin and
different concentrations of CMB4563 from 0.05 M to 3 M which were compared to the
effect of 10 M NVP-BHS345. Even 3 M CMB4563 without Zeocin did not provoke YCS.

C) Haploinsufficiency profiling (HIP) of CMB4563 (left) and comparison to HIP of NVP-BHS345
(right) according to 37. The haploinsufficiency profile of 0.5 M of CMB suggests that it
inhibits TORC1 and TORC2, as does BHS345 27. Direct comparison of 33 M BHS345 and 0.5

M CMB4563 shows strong similarity, although the latter shows a bias towards Tor2 kinase.
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Figure 2: The phospho-proteome under YCS conditions identifies regulators of the actin 
cytoskeleton as major targets  

A) Exponentially growing ypk1-as ypk2  cells (GA-5893) were treated with 1% DMSO (mock), 75
g/ml Zeocin (Ypk1on+Zeo), 0.5 M 1NM-PP1 (Ypk1off), or 1NM-PP1 + Zeocin (Ypk1off +Zeo) for

80 min, and genomic DNA was subjected to CHEF gel analysis as in Figure 1B.
B) The conditions described in panel A and an additional incubation of the same cells with 750

g/ml Zeocin was carried out for 80 min and proteins were analyzed by mass spectrometry
as described in Materials and methods. Each treatment was conducted in triplicate.
Phosphopeptides were triaged as gaining or losing phosphorylation >2 fold. The set of
phosphopeptides that changed upon Ypk inhibition + Zeocin were first compared with Ypk1off

or Ypk1on + Zeo, and these are indicated in the darker shaded part of the Venn diagrams.
From this subgroup we subtracted phosphopeptides that also changed on high Zeocin alone.
This resulted in 389 YCS-specific phosphopeptides.

C) GO term analysis of the Ypk+Zeocin specific phosphoproteome was carried out and the p-
factor was determined based on the total number of factors in yeast that fit the GO term.
Cytoskeleton factors are most significantly enriched.

D) Regulators of yeast endocytosis and actin cytoskeleton adapted from 41. Regulators colored
in brown (phosphorylation up) and green (phosphorylation down) are studied further.

E) Selected targets of YPK kinases that show up and downregulation of the indicated
phosphosites at the listed treatment condition (see color code).

Figure 2 Table S1: Phospho-peptides presented in Figure 2.  
Figure 2 Table S2: Gene ontology analysis of altered factors on Zeocin and phospho-acceptor sites on 

cytoskeleton factors.  

Figure 3: Degradation of Pan1 or of Las17 elicits YCS and is epistatic with LatA  

A) Exponentially growing isogenic WT (GA-5731) and PAN1-AID (auxin inducible degron, GA-
6810) cells were treated with or without 0.5 mM Indole 3-acetic acid (IAA) for 4 h. Cells were
then treated with Zeocin (75 g/ml) alone or in combination with BHS345 (10 M) for 70
min. YCS was monitored as in Figure 1B and scanned as in Figure 1E. Depletion of Pan1
phenocopies TORC2 inhibition combined with Zeocin.

B) Isogenic WT (GA-5731) and LAS17-AID (GA-6839) cells were exponentially cultured, and
Las17-AID protein degradation was induced for 3.5 h as in panel A. Cells were treated with
Zeocin (75 g/ml) in the presence or absence of BHS345 (10 M) for 70 min. YCS was
monitored as in Figure 1B and scanning as in Figure 1E. Depletion of Las17 elicits efficient YCS
in combination with Zeocin.

C) Isogenic WT (GA-5731) and LAS17-AID (GA-6839) strains were exponentially cultured and
treated for 4 h with 0.5 mM IAA for 4h to trigger Las17-AID degradation as in panel B. Cells
were then treated with LatA (20 M), Zeocin (50 g/ml), or a combination of LatA + Zeocin in
the presence of IAA for 50 and 90 min as indicated. YCS was monitored and relevant lanes
were scanned as in panel A.

D) GA-4732 (BY4741 WT), GA-10701 (cap2 ), GA-10905 cap2  las17 ), and GA-9204 (LAS17-
AID, TIR1) were cultured in SC overnight, cells were diluted to OD600 0.16 in 20 ml SC and
cultured for 3 h. 0.5 mM IAA was added for 2 h, and then equal aliquots were treated with
0.25% DMSO (control), 100 g/ml Zeocin, 1 M CMB4563, or combination of both for 100
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min. Genomic DNA was analyzed by CHEF gel analysis and stained with SYBR safe, as in 
Figure 1B. Note that the cell background of all of these strains is S288C, not W303, and 
therefore higher concentrations of both compounds were used. Scans compare cap2 las17  
(lane 11) to LAS17-AID, TIR1 (equivalent to las17 , lane 15). 

Figure 3 Supplement 1 (Fig. 3S1): Depletion of Pan1 sensitizes for YCS in a manner epistatic with 
LatA, unlike three other actin regulatory factors  

A) Induction of TIR1, a factor that recruits the SCF ubiquitin ligase complex, by auxin (IAA)
leads to rapid degradation of degron tagged Pan1-AID and Las17-AID. Conditions used
are identical to the samples analyzed in Figure 3A and B for the indicated times. Total
protein was isolated and Western blots were probed with anti-IAA17 (MBL, No M214-3).
Equal loading was demonstrated by probing for anti-Myc (constitutively expressed Tir1-
9Myc) or amido black staining for total protein.

B) Epistasis of LatA and degradation of Pan1. Isogenic WT (GA-5731) and PAN1-AID (GA-
6810) strains were exponentially cultured and treated for 4h with 0.5 mM IAA for 4h to
trigger Pan1-AID degradation as in panel A. Cells were then treated with LatA (20 M),
Zeocin (50 g/ml), or a combination of LatA + Zeocin in the presence of IAA for 50 and 90
min as indicated. YCS was monitored and relevant lanes were scanned as in Figure 1E).

C) Scheme of the cytoskeleton factors involved in yeast actin regulation and endocytosis,
which were tested in panel D.

D) Loss of Las17-binding actin regulatory factors Sla1, Abp1 and the yeast formin Bni1 does
not sensitize yeast cells to Zeocin nor prevent YCS. WT (GA-6696), sla1  (GA-6809) cells,
abp1 (GA-6808), and bni1  (GA-6897) were cultured to exponential phase and were
then treated with 0, 50, 200, or 400 g/ml Zeocin, or 50 g/ml Zeocin in combination
with 10 M BHS345 for 90 min. Genomic DNA was subjected to CHEF gel and stained
with ethidium bromide. The circle (o) indicates lanes with 50 g/ml Zeocin at which
concentration Las17-degradation triggers YCS, and the asterisk (*) indicates 200 g/ml
Zeocin where we see that sla1 is more sensitive than WT, abp1  is less sensitive and
bni1 shows WT-like sensitivity

E) Tetrad dissection of las17  cap2  double mutant. Two haploid strains GA-4732 (wild-
type) and GA-10710 (las17  cap2 ) were mated and spores of the resulting diploid strain
were dissected. Spores were grown for 3 days at 30°C. The genotype for each spore is
indicated. Note that spores carrying the las17  mutation only were not viable.

F) Drop assay showing the Zeocin sensitivity of different las17 mutants (left to right: GA-
4732, 6804, 10083, 10060, 10059 and 10709). Exponentially growing cells of the indicated
genotype were spotted on a control SC plate as well as SC plates containing either 20 or
50 g/ml Zeocin in 5-fold serial dilutions. The plates were incubated for 3 days at 25°C.

Figure 4: Pan1 and Las17 localization in the presence of Zeocin or under YCS conditions 

A) Exponentially growing cells of the Las17-AID strain (GA-10636, auxin-inducible degron) and
its control strain (GA-5731) were arrested with -factor for 90 min and released for 50 min

diluted, plated on YPAD and incubated for several days. Colonies were counted, counts were
normalized to t0 and plotted on a log scale.

B) Scheme of a budding yeast cell illustrating the structures of interest for image analysis.
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C) Las17-GFP expressing yeast cells (GA-6804) in exponential culture were treated with either
CMB4563 (1 M, CMB) or Zeocin (100 g/ml) or a combination of both compounds (YCS
condition) for 90 min. After fixation, nuclei were visualized with DAPI (blue) and F-actin with
phalloidin (red). The images shown are maximum intensity projections of a stack acquired in
each channel.

D) Pan1-GFP expressing yeast cells (GA-6764) in exponential culture were treated and stained as
in C).

E) Las17-GFP expressing cells were subjected to the YCS condition as in C and stained with the
mitochondrial dye MitoTracker (red) as well as with DAPI (nucleus, blue). Colocalization of
Las17-GFP and MitoTracker is quantified in F).

F) Exponentially growing cells with Las17-GFP (GA-6804) were treated with 20 nM MitoTracker
Red CMXRos (Thermo Scientific) for 2 h. Then, the culture was split and either treated with a
DMSO mock or with 1 M CMB and 150 g/ml Zeocin to trigger yeast chromosome
shattering for 90 minutes. Colocalization of Las17 -GFP (green) and MitoTracker (red) as
quantified by the Pearson correlation coefficient in each single plane of a stack under control
or the YCS condition (see B, double treatment). Plotted are single values of each plane for
multiple stacks per condition and a line indicating the median value.

G) Shown are enlargements of yeast cells from panel C), which illustrate the major distribution
of Las17-GFP with respect to DAPI and F-actin, under the indicated conditions (see above).

Figure 4 Supplement1 (Fig. 4S1): Las17 does not translocate to the nucleus upon Zeocin treatment 

A) Quantification of Las17-GFP across multiple nuclear focal planes suggests that its nuclear
abundance increases insignificantly upon Zeocin treatment. Las17-GFP (green channel)
expressing cells were treated ± 500 g/ml Zeocin for 1 h at 30°C, fixed and stained with the
nuclear dye DAPI (blue channel). Image stacks were acquired in both channels. Within a blue
nuclear mask, the green average intensity was measured per plane and averaged across 5
planes to receive a single nucleus mean intensity value. N>180. The level of significance was
determined by the Wilcoxon rank sum test.

B) Maps of plasmids expressing Dam, Las17-Dam, and Orc2-Dam fusions.
C) Wild-type (GA-1981) cells expressing Dam, Las17-Dam, or Orc2-Dam were treated with or

without 300 g/ml Zeocin for 1h at 30°C. Genomic DNA was digested with DpnI (GmATC
specific) or Sau3AI (GATC or  GmATC ) and subjected to 1% agarose gel in 0.5x TBE. Total DNA
staining with SYBR safe (left) and Southern blot probed for rDNA (right) are shown.

Figure 4 Supplement 2 (Fig. 4S2): Pan1-GFP in response to YCS conditions 

A) Pan1-GFP expressing yeast cells (GA-6764) in exponential culture were treated and stained as
in Panel 4C and were stained with the mitochondrial dye MitoTracker (red) as well as with
DAPI (nucleus, blue). Colocalization of Pan1-GFP and MitoTracker is quantified in Figure 4F.

B) Exponentially cultured WT (GA-1981) (WT) and atp3  (GA-7631) in SC were treated with 1 %
DMSO (control), 50 g/ml Zeocin, 10 M NVP-BHS345, or combination of both drugs for 60
min. Genomic DNA was analyzed by CHEF gel analysis and stained with HDGreen.

Figure 4 Supplement 3 (Fig. 4S3): Truncations of LINC proteins do not alter chromosome shattering 

A) Scheme of a cell with nucleus and actin cytoskeleton. Both structures are connected by the
LINC complex, which is shown enlarged on the right. In yeast the KASH domain protein Mps2
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likely connects the actin cytoskeleton with the SUN domain protein Mps3, which is known to 
bind both Mps2 and chromatin. The location of the truncations we investigated in B are 
illustrated on the right.  

B) Exponentially growing cells with a truncation either abrogating chromatin binding of the LINC
complex (mps3 N, GA-4959) or presumably abrogating actin binding of the LINC complex
based on motif prediction (mps2 N, GA-10712/3) were treated either with Zeocin, CMB or a
combination of both, and genomic DNA was subjected to pulsed field gel electrophoresis and
stained as Figure 1D.

Figure 5: Las17 degradation reduces nuclear translational movement like LatA, but does not affect 
chromatin mobility in response to DSBs  

A) Schematic representation of the imaging strain used to track a DSB introduced at MAT on Chr
III. The strain is deleted for homologous donor loci (hml hmr
inserted 4.5 kb from the HO cut site. This allows visualization by GFP-LacI expression and
normalization of nuclear drift by tracking the movement of the nuclear center interpolated
from the pore marker Ruby2-Nup49. Tracking of locus mobility was performed in the Las17-
AID background (GA-10637) as previously described 56.

B) MSD analysis based on single-particle trajectories of LacI-GFP and Rad52-Ruby2 in S-phase
GA-10637 cells treated with DMSO +/- IAA, with and without HO induction (uncut versus
cut). Movies were analyzed per strain are Las17-AID (DMSO) uncut, 18; Las17-AID (DMSO)
cut, 24; Las17-AID (+IAA) uncut, 22; Las17-AID (+IAA) cut, 26. Rc values are for Las17-AID+IAA
uncut Rc =  0.22 m, Rc= 0.30 m cut; and Las17-AID (DMSO) Rc= 0.23 m uncut, and Rc= 0.36

m cut).
C) Box plot of biophysical parameters derived from imaging of the S-phase GA-10637, which

describe the length of constraint (Lc) or confinement of the locus, the mean spring force
coefficient (Kc) acting on the specific locus as well as the anomalous exponent , which
describes the character of the movement (for parameters see 56).

D) Exponentially growing cells as described in panel A, in which Las17-AID can be degraded
upon addition of an auxin (GA-10637) were treated with galactose ± IAA. Samples were taken
at time point 0, 1 h and 2 h and DNA was extracted. The efficiency of resection at the
indicated probe sites was estimated by AluI digest and qPCR with indicated primers at -0.6 kb
and +0.7 kb from the HO cut site. PCR efficiency is normalized to PCR at the uncut SMC2
locus.

E) The spindle pole body (SPB) is embedded in the nuclear membrane and is visualized by
Spc29-Ruby2. The SPB movement is used to monitor nuclear precession. Plots show and
Length of constraint (Lc

DMSO +/- IAA in the Las17-AID strain (GA-10903). Here we used wild-type (GA-9045) treated
with 25 M LatA (for fully depolymerized actin cables) as a positive control.

Figure 5- Supplement 1 (Fig5S1): The presence of Las17 is not required for checkpoint activation 
A) HO cleavage efficiency at 0, 60, 90 and 180 min following Gal1p:HO induction monitored

by qPCR in the Las17-AID strain (GA-10637) with DMSO +/- IAA. HO-cut site Ct values
were normalized to an amplicon in SMC2 and were further normalized to the ratio at the
time point 0.
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B) Exponentially growing cells (GA-10637) were treated as in Figure 5E. Cell samples were
collected at the indicated time points (0, 2, 4, 5 h post cut induction), lysed and total
protein was precipitated rapidly with TCA (see methods). Proteins were size-separated
by SDS-PAGE and transferred to a PVDF membrane for Rad53-antibody probing 27

(Mab11G3G6; custom made by GenScript).

Figure 6: Overexpression of nuclear actin sensitizes cells to Zeocin and induces DNA fragmentation. 

A) GA-1981 cells were transformed with pCM190 vector (control), pCM190 carrying ACT1
(ACT1), act1-nes (two nuclear export sequences mutated actin, act1nes, 11, and selected
on SC-URA + 1 g/ml doxycycline (Dox) to suppress pCM190 plasmid expression. The
colonies transformed were diluted in 5-fold series and spotted on SC-URA +/- 60 g/ml
Zeocin in the presence (+Dox, expression OFF) or absence (-Dox, expression ON) of 1

g/ml doxycy                                                                                            cline. The picture of
cells was taken after 3 days at 30°C.

B) Chromatin fractionation reveals that overexpressed act1nes co-purifies with chromatin.
Exponentially growing GA-1981 cells transformed as in A) were fractionated into Total
(T), Supernatant (solutble proteins), and chromatin-bound fractions (Chr). Western blots
for actin, tubulin and histone H4 show that (like histone H4) most of act1nes co-purified
with chromatin, while Act1 is cytoplasmic and excluded from chromatin.

C) Actin with the indicated actin mutations was expressed from DOX repressible promoters,
as follows: Cells indicated were exponentially cultured in SC-URA + 2 g/ml Dox, then
washed twice with SC-URA without Dox and the plated without Dox on SC-URA plate
with and without the 80 g/ml Zeocin in a 5-fold dilution series. Images were taken after
3 days at 30°C.

D) The indicated inducible actin mutations used in C) were exponentially cultured in SC-URA
+ 1 g/ml Dox, then washed twice with SC-URA without Dox and further cultured for 6h
without Dox to induce actin expression. Total protein samples were subjected to
Western blotting for actin and histone H3 to monitor actin expression levels.

E) Cells of the genotype indicated were exponentially cultured in SC-URA + 1 g/ml Dox,
then washed twice with SC-URA without Dox and further cultured for 6h without Dox to
induce actin gene. Cells were treated with 0, 200, 400 g/ml Zeocin or a combination of
50 g/ml Zeocin and 0.5 M CMB4563 for 80 min. Genomic DNA was subjected to CHEF
gel analysis and was stained with SYBR safe. All lanes were scanned and signal profile
was plotted as in Figure 1E (see color code). Genomic DNA marked with asterisks (lane 6,
7, 10, 11, 14, and 15) shows more DNA fragmentation compared to the control.

Figure 6 Supplement 1: Nuclear actin overexpression enhances checkpoint activation. 
A) Total protein extract from cells in Figure 6 A was separated by SDS-PAGE, transferred to a

PVDF membrane and samples were probed with an actin antibody ( -actin). A
membrane staining with amido black (A. black) serves as a loading control.

B) Mutants expressing nes-actin show an intact checkpoint response. Zeocin causes a
stronger checkpoint response compared to vector control (wild type) cells. Total protein
sample was subjected to Western blot probed with anti-Rad53 and anti-actin. The same
blot was stained with amido black.
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Suppl Figure 6-S2 The act1-111 mutation shows Zeocin sensitivity and triggers Las17 mitochondrial 
localization 

C) Structure of the actin monomer showing the localization of act1-111 (red) mutations.
D) Actin cytoskeleton staining is altered in act1-111. Exponentially growing cells of act1-111

were fixed with formaldehyde and stained with rhodamine-phalloidin for 2-3 h. The
phalloidin signal of act1-111 complemented with ACT1 is more similar to wild-type even
though the actin expression level is slightly increase. In the act1-111 mutant, both
cortical F-actin patches and actin cables are visible, but noticeable less cable staining was
detected compared to wild-type.

E) The act1-111 mutant is susceptible to Zeocin. 1:10 dilution spot assays with Zeocin reveal
a strong Zeocin sensitivity for the act1-111 mutant.

F) YCS assay using act1-111 mutant complemented with pACT1 expression and incubated
with Zeocin alone as indicated. The act1-111 shows sensitivity even in the absence of
TORC inhibition.

G) Imaging of Las17-GFP in act-111 mutant. Cells were treated as indicated, stained with
MitoTracker, fixed and then stained with DAPI as described in Materials and Methods.
Images are presented as in Figure 4C. Bar= 5 M.

Figure 7: Actin depolymerization is synergistically lethal with Zeocin in cultured human cells 
A) Top: Experimental flow. Human cells were incubated with Zeocin to induce DNA damage,

were then washed in order to allow DNA repair, during which they were treated with
actin depolymerizing drugs, such as LatB. Bottom: Primary human dermal fibroblasts
(HDFn cells; Life Technologies) were incubated with or without 50 g/ml Zeocin for 1 h,
then the medium was washed out and cells were cultured with or without 300 nM LatB
for  1h. Total protein samples were subjected to Western blots for H2AX (Merck-
Milipore JBW301) and -tubulin (Abcam ab6161), to monitor rates
of DNA damage induction.

B) HDFn primary fibroblasts after a sequential treatment with
different doses of both Zeocin and LatB. HDFn cells were seeded in 96-well plates and
treated with Zeocin at different doses (0-50 g/ml) for 30 min. Cells were washed with
PBS and treated with different doses of Latrunculin B (0-300 nM) for 60 min, prior to
fixation and stainingfor 
in single cells (N > 600 per condition). The first and last LatB treatment condition for each
concentration of Zeocin was compared by a Mann-Whitney rank sum test, and P values
as well as differences in median values are indicated.

C) HDFn cells (Life Technologies) cultured in Low Serum Growth Supplement Kit (see
Materials and methodsd) supplemented with SiR-actin (2 M, Cytoskeleton) to visualize
actin, then treated with Latrunculin B (300 nM), Zeocin (60 g/ml), or combination of
Latrunculin B and Zeocin for 1 h. Cells were fixed and immuno-stained with anti- H2AX
(Millipore) and DAPI. H2AX (green), F-actin (red), DAPI (blue). Scale bar = 25 m. H2AX
intensity was measured by Image J for control (294 cells), LatB (252 cells), Zeocin (299
cells), and combined treated (323 cells) and plotted. Arrows indicate mean intensities.

D) A combination of low concentrations of Zeocin and Latrunculin B, but not each of single
treatment causes a profound cell lethality in primary human fibroblasts. HDFn cells were
treated with serial concentration of Zeocin, LatB, or in combination of 300 nM LatB and
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series of Zeocin concentrations as indicated for 1 h. Dead cell number was measured by 
BIO-TC20 (BioRad) as trypan blue positive cell and suspension cell number was 
determined as trypan blue negative cells released from the culture dish.  

E) Scheme illustrating the meaning of the data plotted in F (isobolograms). Data points
located on the red line indicate additivity, data points within the lower left triangle (grey)
indicate a synergistic action, and data points in the upper right triangle (light brown)
indicate an antagonistic action of two drugs.

F) Inhibition of mTORC1/2 or actin perturbs HCT116 cell growth synergistically in
combination with Zeocin-induced damage measured as in 84. Human colorectal cancer
derived cells HCT116 were seeded at 2700 cells/well in 96-well format in McCoy’s media
+ 10% FBS + 2 mM Glutamine and treated after 24 h with dose dilution combinations of
Zeocin (x-axis) with AZD8055, a mTORC1/2 catalytic inhibitor, Cytochalasin D, an inhibitor
of actin polymerization, RAD001, an mTORC1 inhibitor, or Nocodazole, a microtubule
inhibitor (y-axis), and proliferation was measured after 96 h using cell titer blue (total
exposure to compound 72 h). The isobologram panel shows a comparison of the doses of
each compound needed to achieve 50% inhibition of proliferation. The corresponding
test assay data and synergy over model panel are in Figure 7S1.

Figure 7 Supplement 1 (Fig7S1): Comet assay and isobologram data for synergy calculation in Fig 7 

A) DNA breaks were measured by an alkaline comet assay (examples of the analyzed images
are displayed on the right) in human primary fibroblast cells treated with LatB (300 nM),
Zeocin (60 g/ml), or combination of LatB and Zeocin for 4 h. Comet tail moment was
calculated by the CASP software 82 for >200 cells and plotted. The significance values
shown were determined by a Mann-Whitney rank sum test.

B) Test assay data and synergy over model panels for synergy calculations in HCT116 cells.
The test assay data panel shows the %-growth inhibition for the given concentrations of
inhibitor. For the synergy over model panel, each measurement from the left panel was
compared to expected values calculated from single agent dose response curves to
demonstrate synergy using the Loewe dose additivity (+ve values) or antagonism (-ve
values).

Figure 8: Model for synergistic action of TORC2 inhibition and Zeocin in YCS  
CMB4563 inhibits TORC2 and in turn YPK1/2, which results in activation of Alk1, Prk1 and Ark1. These 
kinases downregulate endocytosis and lead to disruption of several actin regulatory complexes and in 
directly cause mitochondrial reticulation. Actin-regulating factors Pan1 or Las17 are phosphorylated 
and inactivated, leading to altered actin dynamics. Las17 translocates to mitochondria partially or 
completely. This can also be provoked by LatA-mediated actin depolymerization. This, like the 
degradation of Las17, leads to increased availability of non-filamentous actin (i.e. G-actin) and its 
nuclear accumulation. In Zeocin treated yeast, the presence of nuclear actin leads to a hyperactive AP 
endonuclease and/or DNA polymerase activity that converts abasic site lesions in close proximity into 
DSBs.  This may also be accentuated by an unnatural accumulation of Apn1 and Dna2 in the nucleus. 
The resulting chromosome fragmentation is lethal. 

76



A C

Hurst et al. Figure 1

- + - + - + - +

-
0.5 μM

CMB LatA Noc

Zeo

H2A-P

actin

E

- + - + - + - +
- CMB LatA Noc

Zeo

HDGreen 

D

CMB4563 NVP-BHS345

EtBr

B

- - .05 0.1 0.2 0.4

- + Zeo

- - .05 0.1 0.2 0.4

- + Zeo
TOR2 tor2V2126G

M CMB4563

80 80 80 80 80 80 80 8045 45 45 90 90 909045 45 90 90 909045 45

YPK1 ypk2
WT

ypk1-as ypk2

0

1

2

0

1

2
ypk1-as ypk2
Zeocin + LatA
 90min

ypk1-as ypk2
Zeocin
 90min

WT,
CMB+Zeocin
45min

WT,
CMB+LatA+Zeocin, 
45min

Mbp
2.0 0.95 0.75 0.57 0.30

Mbp
2.0 0.95 0.75 0.57 0.30

Mbp
2.0 0.95 0.75 0.57 0.30

Mbp
2.0 0.95 0.75 0.57 0.30

0

1

2

0

1

2

2.0-

0.95-

0.75-

0.57-

0.30-

Mbp

2.0-

0.95-

0.75-

0.57-

0.30-

Mbp

LatA [20 μM]
min

CMB [0.5 μM]
Zeo [50 μg/ml] +

+ + +-
-

-
- - -

- -
-

-

+ +

+ +
+
+

+
-

+

+
-

-
+
+

- +
+
+

+ LatA [20 μM] + + +- - - + + +- - -
Zeo [50 μg/ml] -- + + + + -- + + + +

[a
.u

.]

F

- 2.0

- 0.95

- 0.75

- 0.57

- 0.30

Mbp

2.0-

0.95-

0.75-

0.57-

0.30-

Mbp

Chr IV, XII

III
IX

V, XIII
XI

II, IVX

XVI, XIII

XV, VII

I
VI

X

min

77



Hurst et al., Figure 2
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Hurst et al., Figure 3
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Hurst et al., Figure 4 
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Hurst et al., Figure 5

A

 cut (n=22)
 uncut (n=24)

0.1

0.2

C

 cut (n=22)
 uncut (n=26)

(Anomalous exp.)

4.4kb
MAT

Nup49-Ruby2
GFP-LacI

x

y

3D

2D

Z project

z

LC (Length of constraint)

- + - + - + - +

Resection Assay

-0.6kb -0.6kb+IAA +0.7kb +0.7kb+IAA

0

10

20

30

40

%
ss

D
N

A

0h  1h   2h 0h  1h   2h0h  1h   2h0h  1h   2h

-0.6 kb +0.7 kb

AluI AluI

Las17-AID

A B

 cut (n=22)
 uncut (n=24)

t (s)

Chromatin mobility
Control

0 10 20 30 400 10 20 3 4
0

.

.2

C

 cut (n=22)
 uncut (n=26)

Tracking of the 
Spindle pole body (SPB)

in S phase
   0

0.5

1.0

1.5

2.0

   0

0.2

0.4

0.6

0.8

An
om

al
ou

s 
ex

po
ne

nt

Nuclear envelope

D

Tel34.4kbCen3

+Nup49-Ruby2
GFP-LacI/LacO

HO

MAT

MAT locus 
hmr  hml

Nup49-Ruby2
GFP-LacI

3D

x

y

3D

2D2D

Track GFP-LacI

8 x 
200 nm
stacks

z

Chromatin mobility
Las17-AID 

MAT locus

MAT locus

LatA Las17-AID
- + - +

 L
C
 

m
)

LatA Las17-AID
- + - +

E

Resection Assay

-0.6kb -0.6kb+IAA +0.7kb +0.7kb+IAA

0

10

20

30

40

%
ss

D
N

A

0h  1h   2h 0h  1h   2h0h  1h   2h0h  1h   2h

+ Las17-AID  +/- IAA

-0.6 kb +0.7 kb

AluI AluI

Las17-AID

p=0.007 p=0.01

p=0.85

p=0.03

p=0.0007

p=0.56

S phase
 LC (Length of constraint)  KC(Eff. spring coefficient)

S phase

Control Las17-AID
DSB - + - +

 L
C
 

m
)

 

   0

0.1

0.2

0.3

0.4

0.5

0

100

200

300
 

Control Las17-AID
DSB - + - +

Control Las17-AID
DSB - + - +

Control Las17-AID
DSB - + - +

 K
C
 (K

B
T/

m
2 )

p=0.002

p=0.009

p=0.06

p=0.1

0

0.5

1.0

1.5

An
om

al
ou

s 
ex

po
ne

nt

(Anomalous exponent)

Control Las17-AID
DSB - + -

Control
DSB - + - +

p=0.02

p=0.01

S phase

t (s)

0.1

0.2

0

.

.2

M
SD

 (
m

2 )

0.1

0.2

0

.

.2

M
SD

 (
m

2 )

0 10 20 30 400 10 20 3 4

81



Hurst et al., Figure 6
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Hurst et al., Figure 1 Suppl 1 (Fig. 1S1)
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Hurst et al., Figure 4 Suppl 2 (Fig 4S2) 
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Hurst et al., Figure 6 Suppl 1 (Fig 6S1)
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Hurst et al., Figure 6 Suppl 2 (Fig 6S2) 
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Hurst et al., Figure 7 Suppl 1,  Fig. 7S1
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SUPPLEMENTAL DATA 

Table S1: Excel data YPK Zeocin phospho-proteome 
Table S2: List of factors whose phosphorylation status was altered by YPK inhibition and Zeocin  
Table S3: S. cerevisiae strains used in this study 
Table S4: Plasmids and Primers used in this study 
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Table S2: Phosphoprotein changes on Zeocin 

A. Go term analysis and significance for factors showing altered phosphorylation on Zeocin

B. Cytoskeleton factors with altered phosphorylation on low or high Zeocin:
phosphosites upregulated in red, phosphosites down regulated in green.
Asterisk (*) indicates the phospho-peptides also altered also in YCS (YPKoff + low Zeocin) condition.
The subclass of cytoskeletal factors that are involved in actin regulation are in bold

phospho-proteins altered on Zeocin treatment (total 365 proteins) 
Ontology p-value % number

regulation of cellular metabolic process 2.20E-17 36 132 
cell cycle 6.62E-16 28 101 
regulation of RNA metabolic process 5.37E-14 

 

24 89
response to stimulus 6.46E-14 37 135 
chromatin organization 2.15E-12 16 57 
cytoskeleton organization 6.18E-11 13 48 
signaling 1.65E-10 15 56

LAS17 PAN1 SLA1 SLA2 ENT1 AIM3 AIM21 ASK1 
T380* S1253 

T1256* 
S447 or 

S449 
T818 S485 or 

S486 
S97 

S101 
Y102 

T160 
S163* 

S915 S477 T109* 

BBP1 BCP1 BEM3 BIM1 BNI5 BOI1 BOI2 BUD4 
S112S115* S29 T205 T388 

S396* 
S147 or 

T152 
S325 
S327 

S336* 

S564* T670 
S673 

S450 
S457* 

S1139 
S1142 

BUD4 CDC14 CDC15 CDC37 CDC48 CRN1 FIN1 GCS1 
S91 S997 S429 S461 S14 S17* S599 S485* S74 S170 T217* 

GIC2 GIN4 HSP42 IPL1 KCC4 KEL1 
S217* T320 

S323 
S744* S215 

S223* 
S213 or 
S215* 

S214* S182* S5 S841* T480* 

KIP2 LSB3 MLF3 MYO3 MYO5 NBP1 NET1 
S88* S300 

S303 
S74 S193 or 

T208* 
S257 S357* S357 S234 S259* S613 

or 
S615 

NET1 PBS2 SHS1 SLK19 SPA2 
S840* S439 

S447* 
S68 S71 S460 S519 S522 

S525* 
S216 S254 S274 S585 S883 

SPA2 SPC29 SSK2 STH1 STU1 STU2 SYP1 
S979 T42 S77 S118 S1018 S1045 S1188* S1018* S603* S347 

VHS2 YSC84
S177* S325 

S330 
Y373 or 

S386 

95



Table S3: Strains used in this study 

Number Description Genotype Origin 

GA-1981 W303 WT MATa ade2-1 trp1-1 his3-11 his3-15 ura3-1 leu2-3 leu2-112 
can1-100 RAD5 H.L. Klein

GA-4732 BY4741 WT MATa his3 1 leu2 0 met15 0 ura3 0 K. Shirahige

GA-4958 Mps3-GFP MATa trp1-1 his3-11,15 leu2-3,112 lys2D can1-100 bar1 
mps3::natMX URA3::MPS3-GFP  

Sue Jaspersen, 
SLJ2551 

GA-4959 -
GFP 

MATa trp1-1 his3-11,15 leu2-3,112 lys2D can1-100 bar1 
mps3::natMX URA3::delta75-150-mps3-GFP 

Sue Jaspersen, 
SLJ2552 

GA-5731 AID WT GA-1981 with URA3::ADH1p_OsTIR1-2-9MYC 1

GA-5892 YPK1 
ypk2  

MATa leu2 trp1 his3 ura3 ypk::KanMX4 ypk2::HIS3 
pYPK1WT (URA3) 

1

GA-5893 ypk1-as 
ypk2  

MATa leu2 trp1 his3 ura3 ypk1::KanMX4 ypk2::HIS3 
pYPK1as (URA3) 

1

GA-6148 TOR2 GA-4732 with snq2::KanMX pdr5::KanMX pdr1::NAT 
pdr3::KanMX yap1::NatMX pdr2::LEU2 yrm1::MET 

1

GA-6150 tor2-
V2126G GA-6148 with tor2-V2126G 1

GA-6696 Control GA-4732 with ydl227c (HO)::KanMX4 OpenBiosystems
GA-6764 Pan1-GFP GA-4732 with PAN1-GFP_HIS3MX6 Invitrogen
GA-6804 Las17-GFP GA-4732 with LAS17-GFP_HIS3MX6 Invitrogen 
GA-6808 abp1  GA-4732 with apb1::KanMX4 OpenBiosystems 
GA-6809 sla1  GA-4732 with sla1::KanMX4 OpenBiosystems
GA-6810 PAN1-AID GA-5731 with PAN1-AID_KanMX This study 
GA-6839 LAS17-AID GA-5731 with LAS17-AID_KanMX This study 
GA-6897 bni1  GA-4732 with bni1::KanMX4 OpenBiosystems 

GA-7631 atp3  
GA-1981 with atp3::natMX4, RAD52-YFP, NUP49-GFP, 
ADE2::TetR-mCherry, lys5::LacI-CFP-TRP1, leu2::LoxP, 
ZWF1:cutsite (Lmn::lys5::IsceIcs::LEU2::LacO array::Lmn), 

This study 

GA-8592 act1-111 
+pACT

MAT  his3-1 leu2-0 ura3-0 act1-111::HIS3MX6 
pKFW29(ACT1, CEN, URA3) 

2

GA-9045 SPC29-
Ruby2 

MAT  hml::ADE1 hmr::ADE1 ade3::GALHO ade1 leu2-3, 
112 lys5 trp1::hisG ura3-52, LEU2::GFP-LacI MAT::lacO 
repeats_TRP1 SPC29-Ruby2_KanMX CFP-NUP49 

3

GA-9935 
act1-111 
+pACT
Las17-GFP 

GA-8592 with LAS17-GFP_KanMX6 This study

GA-10059 las17 (1-
295) 

GA-4732 with las17 1-295_HIS3MX6 This study 

GA-10060 las17 
T380E-GFP GA-4732 with las17 T380E-GFP_HIS3MX6 This study 

GA-10083 las17-
T380A-GFP GA-4732 with las17 T380A-GFP_HIS3MX6 This study 

GA-10636 
Las17-mini 
degron 
(W303) 

GA-1981 with LAS17-3xmini-degron_KanMX URA3::ADH1p-
OsTIR1(codon optimized) This study 
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GA-10637 Las17-AID 
(JKM179) 

Mata ade1 leu2-3,112 lys5 trp1::hisG ura3-52 hml::ADE1 
hmr::ADE1 ade3::GALHO, CFP-NUP49-Ruby2::KanMX 
LAS17-3xmini-degron_natMX URA3::ADHp-OsTIR1(codon 
optimized) MAT::LacO repeats_TRP1 LEU2::LacI-GFP  

This study 

GA-10709 las17  
cap2  

GA-4742 with las17::KanMX4 cap2::natMX4 This study 

GA-10710 las17  
cap2  

 MAT  his3 1 leu2 0 met15 0 ura3 0 las17::KanMX4 
cap2::natMX4 This study 

GA-10712 mps2 N 1 GA-1981 with mps2 N (1-98)  This study 
GA-10713 mps2 N 2 GA-1981 with mps2 N (1-98)  This study 

GA-10903 Las17-
degron 

GA-9045 with Las17-3xmini-degron_natMX 
URA3::ADHp1_OsTIR1  This study 

Table S4: Plasmids and primers used in this study 

Internal 
Reference 
Number 

Plasmid name Backbone Encoded Protein Reference 

878 pCM190 2 , URA3 --- 4

2957 pCM190-act1 pCM190 Act1 this study 
3356 pCM190-act1-nes pCM190 Act1 (I178A,L180A, V219A, L221A) this study 
3358 pCM190-act1-nes S14C pCM190 Act1 (S14C, I178A,L180A, V219A, L221A) this study 

3467 pCM190-act1-nes AP pCM190 Act1 (I178A,L180A, A204E, V219A, 
L221A, P243K) this study 

3861 pCM190-act1-nes-111 pCM190 Act1 (I178A,L180A, A204E, V219A, 
L221A,D222A E224A E226A) this study 

p415 GAL1 p415 Gal1 --- 5

4046 p415 GAL1. Dam p415 Gal1 Dam this study 
4047 p415-GAL1. Las17_Dam p415 Gal1 Las17-Dam this study 
4048 p415GAL1. ORC2_dam p415 Gal1 Orc2-Dam this study 

Primers used in this study 

Oligo name Target Sequence (5’-3’) 
SG-525/6 SMC2 AATTGGATTTGGCTAAGCGTAATC/CTCCAATGTCCCTCAAAATTTCTT 
SG-2285/6 Cut efficiency AATATGGGACTACTTCGCGCAACA/CGTCACCACGTACTTCAGCATAA 
SG-8440/1 +0.7 kb (relative to DSB) CTCTCCCTTGGTGTTTCCAA/GAAAAGATTGGCCGTCAAAA 
SG-8444/5 -0.6 kb (relative to DSB) CCCAAACAAAACCCAGACAT/TGCTGGATTTAAACTCATCTGTG 
SG-8450/1 Control for AluI digest AAGGGCAAGTTCTCCACAGA/CAGCCACCAGTTCATCATTG 
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Summary of revision experiments

Las17 GFP

The reviewer’s observation on the Zeocin sensitivity of Las17 GFP seen in a drop assay was confirmed by  
further drop assays. However, this sensitivity is mild and does not allow conclusions on the effect of the  
tag on chromosome fragmentation. To rule out an effect on chromosome fragmentation we subjected  
this strain and its control to pulsed field gel electrophoresis under conditions of chromosome shattering  
(Zeocin + Tor inhibition by CMB). The results show that the Las17 GFP strain behaves like wild type with  
respect to chromosome fragmentation. Therefore, we conclude that despite the mild sensitivity of this  
strain to Zeocin in a drop assay, there is no difference with respect to the phenomenon investigated in  
our report.

Influence of Las17 degradation and Zeocin ± Tor inhibition on the F/G actin ratio

To substantiate our literature based assumption that degradation of the actin nucleator and branching  
factor Las17 leads to a change of the F/G actin ratio, we measured the amount of actin filaments by a  
staining  with  phalloidin  after  fixation.  In  budding  yeast,  filaments  are  mainly  visible  during  S phase.  
Therefore, we counted budded cells containing visible actin filaments.
To support our model of repair regulation via a change of the F/G actin ratio we applied the same method  
to the conditions of chromosome fragmentation used throughout the manuscript, namely Zeocin ± CMB  
(Tor inhibitor).
The lack of a technique to measure G actin in yeast, made us use two ways of quantifying total actin  
amounts: 1) Expressing and quantifying Cof1 with an internal RFP tag (previously described in (Lin et al.,  
2010)  ),  which  binds  both  F  and  G actin,  and  2)  Quantifying  total  actin  levels  under  the  investigated  
conditions by Western blot.
What we observe is a strong decrease in the number of cells with F actin filaments upon CMB treatment  
or degradation of Las17, whereas control conditions or Zeocin treatment did not affect the number of  
cells with visible filaments remarkably. Since the total amount of actin as well as Cof RFP levels seem not  
to be influenced by the tested conditions much, we conclude that this is indicative for a change in the F/G  
actin ratio induced by CMB and degradation of Las17.

Additional methods

Image acquisition of phalloidin stained and Cof1 RFP expressing yeast cells as well as treatment with IAA  
to  induce  Las17  degradation  and  treatment  with  Zeocin  ±  CMB  was  carried  out  as  described  in  the  
methods section. Similarly, for actin Western blots the procedure described above was used.
Budded cells with F actin filaments were scored in maximum intensity projections of the image stacks  
manually (3 independent operators clicked at least 300 cells per condition).
To quantify Cof1 RFP within the whole cells, a CellProfiler pipeline was created. Cells were identified with  
enhanced DAPI staining and Cof1 RFP intensity was measured within this mask in average projections of  
the stacks acquired in the red.

Additional reference
Lin,  M.C.,  B.J.  Galletta,  D.  Sept,  and  J.A.  Cooper.  2010.  Overlapping  and  distinct  functions  for  cofilin,  
coronin and Aip1 in actin dynamics in vivo. J Cell Sci. 123:1329 1342.
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Revision Figure 2

a) F-actin (phalloidin staining)

b) F- and G-actin (Cof1-RFP)
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Revision Figure 3

a) Single plane images of Cof-RFP and DAPI

b) Quantification of Cof1-RFP within a nuclear mask
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CHAPTER 3: THE CYTOSKELETON REGULATES REPAIR FACTOR 
DYNAMICS IN MAMMALIAN CELLS 
This chapter consists of the following publications: 

Hurst, V., Challa, K., Shimada, K. and S.M. Gasser (2021). “Cytoskeleton integrity influences 
XRCC1 and PCNA dynamics.at DNA damage”, Mol Biol Cell: mbcE20100680. 

Author contributions: VH wrote the manuscript, performed experiments, analyzed all data, and 
made the figures, KC performed experiments, and KS and SG reviewed and edited the manuscript. 

Hurst, V. and Gasser, S. M. (2019). "The study of protein recruitment to laser-induced DNA 
lesions can be distorted by photoconversion of the DNA binding dye Hoechst." F1000Res 8: 104. 

Author contributions: VH generated data and wrote the manuscript, and SG edited the 
manuscript. 

Summary 
Upon induction of DNA damage with laser (405 nm) light, proteins of the Base Excision Repair 
(BER) machinery such as XRCC1 and PCNA are recruited to the induced DNA lesion. We show 
that factors involved in both short-patch BER (XRCC1) and long-patch (PCNA) repair in 
mammalian cells are affected by drugs perturbing either the actin or the tubulin cytoskeleton. While 
perturbation of actin dynamics decreases the protein recruitment to the lesion, depolymerization 
of tubulin leads to an increase. We find that both tubulin and actin can accumulate inside the 
nucleus under conditions used to study repair factor recruitment and show that depolymerization 
of one protein in its polymeric form can lead to nuclear accumulation of the other. As repair factor 
behavior does not strictly correlate with nuclear accumulation of actin and tubulin, we conclude 
that the effects observed have indirect causes such as alterations of repair factor or repair cofactor 
transport. 
During the investigation of actin in repair with intranuclear actin probes and laser-induced damage, 
we compared different imaging regimes in correspondence with other scientists and attempted to 
reproduce their finding on green nuclear actin probes moving to laser-induced DNA lesions. This 
revealed that an imaging regime using the blue DNA Hoechst to sensitize DNA prior to laser-
induced DNA damage can lead to false positives through photoconversion of Hoechst from blue 
to green. A short article demonstrates the effect and suggests control experiments to avoid it. 
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Introduction 

Based on the actin effect on BER in yeast and the conservation of BER across species, one aim 
was to translate the yeast findings to mammalian cells. Pulsed field gel analysis, our predominant 
readout for chromosome fragmentation in yeast cells, showed that whole genome fragmentation 
did not occur in mammalian cells. Assays for checkpoint activation in collaboration with Matthias 
Altmeyer (University of Zurich) showed that there was a Latrunculin B-dependent effect in 
mammalian cells, and other collaborators found a synergy of Zeocin and actin perturbation on 
DNA breaks using a comet assay and a cell proliferation assay, respectively (Hurst, Gerhold et al., 
see manuscript in Chapter 2). However, we had no evidence for an influence of actin on 
mammalian BER. 
Inspired by the laboratory of Primo Schaer (Department of Biomedicine, University of Basel), we 
adopted a system for measuring BER factor dynamics upon DNA damage induction with a laser, 
which allows to monitor repair factor kinetics. He proposed that the values could be indicative of 
the outcome of repair. In U2OS cells, we measured the dynamics of XRCC1, a member of the 
short-patch subpathway of BER, and of PCNA, a member of long-patch repair. Indeed, we found 
an effect of actin on their recruitment and retention at the site of laser-induced damage. However, 
to our surprise, microtubule perturbation, which was used as a control, showed a stronger and 
opposite effect on XRCC1/PCNA dynamics. This observation together with findings from other 
groups showing that the actin effect applies to proteins of DSB repair, such as KU as well, 
suggested that in mammalian cells 1) the effect we observed was not BER-specific, and 2) was not 
actin-specific, giving us more questions than answers.  
Therefore, we decided to terminate our investigation on mammalian cells at that point. Years later, 
Sam Wilson, a leader in BER from The National Institutes of Health was excited about the protein 
accumulation data, which he saw during a visit. The possibility that other experts in the field of 
mammalian BER, might be similarly excited and pursue the topic made us write the manuscript. 
It is included here as a brief report for Molecular Biology of the Cell. 
In parallel to investigating the dynamics of BER factors upon laser-induced damage, we employed 
the latest live probes for F- and G-actin in a similar experimental setup to monitor actin dynamics 
inside the nucleus. An involvement of such filaments in DNA repair had been a matter of years 
of scientific debate, which we were trying to contribute to by this experiment. However, in U2OS 
cells expressing the GFP-tagged nuclear actin chromobody (a nuclear actin live probe), we did not 
see any change upon laser exposure other than bleaching of the probe at high laser intensities. 
In contrast, another lab in Europe observed a green signal at the laser line with the same nuclear 
actin live probe (personal communication). The major difference between our experiments was 
the imaging regime used. The other lab sensitized cells with the blue DNA dye Hoechst before 
laser exposure. Our analysis of this refined protocol revealed that it was not the actin probe moving 
to the laser line, but the laser-induced photoconversion of the blue Hoechst dye to green. 
Therefore, a short article on Hoechst photoconversion published in F1000 is the second part of 
this chapter. It has received more than 300 downloads and may have prevented others from 
misinterpreting their data. 
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     Amendments from Version 1

Version 2 accommodates the reviewers’ suggestions.

We corrected the fact that the laser we used is not UV but  
405 nm, and clarified that this type of experiment only allows 
one to measure local increases in protein concentration, and 
not protein binding to the site of damage or protein movement.

We state that we use higher laser power than used in most 
studies in order to demonstrate the photoconversion effect and 
cite a study in which photoconversion was detected and the 
experimental setup was adjusted accordingly.

We added a section on different types of DNA damage 
generated at different wavelengths (VIS/UV+- sensitizing 
agents). We suggest that sensitizing DNA by Hoechst in order 
to influence the type of damage can be replaced by altering 
the laser source.

Finally, we appropriately updated the list of references.

See referee reports

REVISED

Abbreviations
ATM: ataxia telangiectasia mutated protein kinase, DAPI: 
4’, 6-diamidino-2-phenylindole; UV: ultraviolet light; U2OS:  
human bone osteosarcoma epithelial cells; GFP: green fluores-
cent protein; 53BP1: tumor suppressor p53-binding protein 1;  
XRCC1: x-ray repair cross-complementing protein 1; FEN-1: 
Flap endonuclease 1; PARP-1: poly [ADP-ribose] polymerase 1;  
KU70/XRCC6: 5’-deoxyribose-5-phosphate lyaseKu70/X-ray 
repair cross-complementing protein 6, LigIII: DNA ligase 3, 
MDC1: mediator of DNA damage checkpoint 1; PCNA: proliferat-
ing cell nuclear antigen, RPA: replication protein A SMARCA5: 
SWI/SNF-related matrix-associated actin-dependent regulator of 
chromatin subfamily A member 5

Introduction
A variety of DNA binding dyes, such as DAPI and Hoechst 
can change their optical properties upon exposure to light1,2. 
This process, termed photoconversion, can occur during mul-
ticolor fluorescence microscopy and may lead to false-positive  
signals2,3.

Upon exposure to UV or to low pH, the emission spectra of  
DAPI and Hoechst shift from the blue to the green wave-
length with detectable signals in the yellow, orange and red  

wavelengths1,2,4,5. This shift makes the signal indistinguish-
able from the emission of other standardly used fluorescent  
proteins such as GFP. An experimenter expecting that the DNA 
dyes emit in the blue range can misinterpret the green signal as 
that arising from another probe in the sample. This risk has 
been raised previously1,3,6, yet the artefact is rarely controlled  
for.

With respect to these findings, a microscopy setup like the 
one used to study the localization of repair proteins to a near  
UV/UVlaser-induced zone of DNA damage can be particularly 
problematic. Very commonly, cell nuclei are sensitized with  
Hoechst and a restricted part of the nucleus is exposed to a  
UV/near UV laser. The protein of interest is detected in the  
green channel thanks either to its fusion to GFP or else through 
an antibody labelled with a green light-emitting fluorophore. 
Unfortunately, photoconversion of the DNA dye is rarely  
checked7–11. Here we will illustrate the problem and suggest neces-
sary controls.

Results
To study the recruitment of a potential DNA damage related 
protein, we made use of a previously established protocol in  
which cell nuclei are sensitized with Hoechst, DNA damage is 
induced with a near UV laser, and the recruitment of a protein 
of interest is measured over time by fluorescence microscopy.  
Unexpectedly, cells stained with Hoechst that did not express 
any GFP-tagged protein showed a similar increase in the green  
channel at the laser damage site (Figure 1), as cells expressing 
the GFP-tagged protein. The detected increase in signal was not 
due to protein recruitment to the damage site, since there was no  
GFP-tagged protein in the cell. Moreover, in cells expressing the 
GFP-tagged protein that were not stained with Hoechst, there 
was no increase in signal intensity at the laser damage site. This 
demonstrates conclusively that the increase in fluorescence in 
the green channel was a false-positive result. Raw images are  
available on figshare12.

Discussion
We illustrate here that one should avoid exposing DAPI or  
Hoechst to a strong UV/near UV laser if one is imaging green  
light emitting probes such as GFP or a secondary antibody  
coupled to fluorescein/Alexa488, because photoconverted  
Hoechst and DAPI strongly emit in the same channel.

Figure 1. Representative U2OS cell nucleus before and after 405 nm laser-induced photoconversion of Hoechst.
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We note that the laser power used varies among studies. 
Our study uses high laser power in order to demonstrate the  
photoconversion effect. Nonetheless, even smaller amounts of 
photoconverted dye will alter the signal intensity measured. 
Therefore, quantification of a control sample is essential 
to any study, especially if the behavior of the studied pro-
tein upon damage is not previously known. A recent study 
detected photoconversion and adapted the experimental setup  
accordingly13.

An alternative means to visualize the nucleus is to introduce a 
fluorescently tagged protein that localizes to the nuclear rim,  
assuming that it does not interfere with the experimental  
process. The outline of the nucleus can also be determined by 
means of a transmitted light image. When employing Hoechst 
as a sensitizing agent, we suggest using the lowest possible 
dye concentration and laser power, and to combine these with  
probes/secondary antibodies that emit in a range that is eas-
ily separable from that of photoconverted Hoechst, for instance, 
a far red emitter1. Nonetheless, accurate quantitation of the  
signal of the fluorescent protein of interest requires normaliza-
tion to a background control, which requires that one performs 
the laser experiment on Hoechst-stained but otherwise native 
cells lacking the tagged protein. The control signal should be  
acquired with the same channel and exposure conditions, as used 
for the experimental probe.

It is important to note that it is possible to avoid photosensitiza-
tion through exogenous DNA-binding compounds altogether, 
in the study of DNA damage factors. The compounds are  
sometimes added in order to alter the type of damage gener-
ated. Two commonly studied UV products are cyclobutane  
pyrimidine dimers (CPD) and 6-4 photoproducts (6-4PP), which 
are generated by UV-C (100-280 nm14) or UV-A irradiation  
(315-380 nm14)9,15. However, UV-A exposure causes oxidative 
lesions and double strand breaks (DSBs) as well15–17, while  
UV-C does not induce DSBs9,15–17. Intriguingly, in the presence of  
sensitizing agents such as BrdU or Hoechst, both UV-A and 
visible light ( 390 nm) generated mostly DSB and oxidative  
lesions17. Moreover, the addition of Hoechst followed by  
405 nm light led to the increased generation of the typical UV  
photoproduct CPD18. This lesion, however, can also be studied 
without Hoechst and UV-A/C irradiation.

A further argument for performing repair studies without  
Hoechst are the effects of the reagent on transcription and 
genomic stability. Hoechst binds primarily in the DNA minor 
groove and therefore competes with other minor groove bind-
ing proteins like TATA-box transcription factors19. Thus, besides 
photoconversion, Hoechst treatment can have side effects such 
as altered transcription20, the inhibition of DNA synthesis and an  
accumulation of mutations21.

Several studies show that visible light is sufficient to cause DNA 
breaks22 and that DNA repair factors or checkpoint kinases,  
such as pATM22, RPA22, 53BP115,23,24, XRCC115,22, FEN-115, 
PCNA22, LigIII22, PARP-115, KU7015, MDC124, and SMARCA524, 

are recruited to sites of damage without previous sensitization. A  
study recently monitored the kinetics of recruitment and turnover  
of 70 proteins at UV-induced DNA damage sites without sensitiz-
ing agents, and modeled these results mathematically25.

Finally, in addition to particular situations in which one induces 
local damage with a laser, the photoconversion of DAPI  
from blue to green and red can occur during standard dual  
color microscopy on fixed samples2,3. To minimize artefacts one  
should be careful about the order in which dyes are observed,  
starting always with the longer wavelengths3.

Methods
U2OS cells (a gift from Prof. Primo Leo Schaer, Department 
of Biomedicine, University of Basel) were incubated with  
1.5 μg/ml Hoechst 33342 (Thermo Fisher Scientific, H1399) 
for at least 30 minutes prior to photoconversion. Photoconver-
sion was induced with a VisiFRAP module (Visitron) mounted 
on the backport of the microscope and equipped with a 405 nm  
laser (Toptica, illumination power at the objective 12.8 mW,  

1ms/pixel). Confocal images were acquired with an Olympus 
IX81 microscope equipped with a PlanApo 100x/1.45 TIRFM 
oil objective, a CSU-X1 scan-head (Yokogawa), an Evolve 
512 EMCCD camera (Photometrics), a 491nm laser (Cobolt  
Calypso 100), a 488/568 dichroic (Semrock Di01-T488/ 
568-13x15x0.5), a band-pass 525/40 emission filter (Semrock
FF01-525/40-25) and controlled with the Visiview Software
(Visitron). Images in Figure 1 show maximum intensity projec-
tions of stacks12 covering 7 μm.

Data availability
Raw images of the stacks taken during this study are available  
on figshare. DOI: https://doi.org/10.6084/m9.figshare.7583960.
v212.

Data are available under the terms of the Creative Commons 
Zero “No rights reserved” data waiver (CC0 1.0 Public domain  
dedication).

Media
The three available avi files, C1 green, C2 blue and compos-
ite, represent a time series of maximum intensity projections  
showing the 405nm laser-induced emission change of the  
DNA binding dye Hoechst from the blue to the green region of 
the visible spectrum. Under live conditions, a Hoechst-stained 
cell nucleus was irradiated with 405 nm laser light along a  
predefined pattern. A time series of image stacks was acquired  
(25 equally spaced time points over 65s, stacks covering 7-μm  
sample depth) in two channels (C1 “green”: 491/525 nm, C2 “blue”: 
405/450 nm). DOI: https://doi.org/10.6084/m9.figshare.7583960.
v212.

Grant information
This study was funded by the Swiss National Science Foundation 
and the Novartis Research Foundation.
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CHAPTER 4: DISCUSSION, CONCLUDING REMARKS AND 
FUTURE PROSPECTS 

In Chapter 2 we describe the phenomenon of yeast chromosome fragmentation upon Zeocin-
induced oxidative damage and perturbation of actin. The types of actin perturbation that can 
trigger shattering are inhibition of Torc2, the inhibition of actin polymerization by Latrunculin A, 
actin filament stabilization by Jasplakinolide or degradation of actin nucleating factors, such as 
Las17. We find that blocking the BER machinery as well as knocking out chromatin remodeler 
function and expressing a mutant form of actin all cause resistance to fragmentation, showing that 
the unimpeded function of these factors is required for fragmentation.  

We investigated a range of potential causes for chromosome fragmentation in yeast: 

1) Accumulation of BER factors inside the nucleus.
Microscopically, we tested whether any of the major BER enzymes in yeast accumulated in the
nucleus upon Zeocin plus Tor inhibition by using fluorescently tagged Ape1, Ogg1, and
Ntg1/2. None of them showed a significant shift towards or away from the nucleus.

2) Interaction of BER factors with actin.
We tested the interaction of mammalian APE1, OGG1 and Polymerase β in an F-actin
precipitation assay in vitro. Compared to BSA and samples where actin was not present, all of
them precipitated with actin, suggesting that they can directly interact or that actin filaments
trap proteins unspecifically.

3) The role of posttranslational modifications on actin regulating factors and BER enzymes.
By phosphoproteomics we found that regulators of the actin cytoskeleton and some factors
involved in BER were differentially phosphorylated under conditions of chromosome
fragmentation. Even though the absence of some factors altered the sensitivity to
fragmentation, we did not identify a specific phosphoacceptor site regulating the fragmentation
phenomenon.

4) The role of mitochondria.
Las17 shifts towards mitochondria on conditions of chromosome fragmentation. Therefore,
we assessed the role of mitochondrial respiration by using different yeast mutants of the
mitochondrial ATPase function. These did not affect chromosome fragmentation.

5) A role for Las17 in break processing and movement.
The homolog of Las17 in mammalian cells (WASP) has been implicated in DSB repair.
Investigating its role in yeast DNA repair with assays resembling those used in mammalian
cells, we did find an effect of Las17 degradation on DSB movement and translocation to the
nuclear periphery. However, compared to the mammalian homolog WASP, it did not form
foci inside the nucleus, shift towards the nucleus, bind to breaks or alter break resection.

6) A role of the LINC complex, which connects the actin cytoskeleton to chromatin.
We made use of yeast mutants, which lack a domain connecting the LINC complex to
chromatin and deleted a putative actin binding domain on the cytoplasmic side of the LINC
complex. For the chromatin connection side, we found a partial cell cycle-specific resistance
to fragmentation, which could not explain the fragmentation phenomenon. The deletion of
the actin binding domain on the cytoplasmic side of LINC did not have any effect.

7) Nuclear actin and the F-/G-actin ratio.
We overexpressed NLS-tagged actin and its mutant forms in the nucleus and found alterations
of the degree of chromosome fragmentation, which depended on actin point mutations. We
also investigated the F-/G-actin ratio under conditions of chromosome fragmentation or upon
loss of Las17 by using the actin-binding protein cofilin, the F-actin probe phalloidin and
probing total actin by Western blot. We showed that both Las17 degradation and Tor
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inhibition decrease actin filaments without changing total actin. Furthermore, degradation of 
Las17 lead to a measurable increase of cofilin inside the nucleus. 

Summarized, we cannot pinpoint what exactly actin does to BER. However, we show that altered 
F/G-actin as well as overexpression of actin inside the nucleus leads to dysregulation of BER 
which causes massive genome fragmentation.  

Chromosome fragmentation is not conserved while actin effects on repair are 

In Chapter 2 and 3 we investigated the conservation of the yeast phenomenon and find that the 
cytoskeleton does affect repair pathways, including base excision repair in mammalian cells. 
However, mammalian cells do not fragment the whole genome like yeast does. 
In yeast cells treated with a combination of Latrunculin A, an inhibitor of actin polymerization, 
and Zeocin, a DNA oxidative damage-inducing agent, the whole genome gets fragmented within 
90 min. This can be detected by pulsed-field gel electrophoresis (PFGE), which separates the 16 
chromosomes of yeast. In mammalian cells, DSBs can be detected by electrophoresis as well. 
However, compared to yeast, upon treatment with Latrunculin and Zeocin, the mammalian 
genome does not give rise to fragmentation that is detectable by a pulsed-field gel. A possible 
explanation for this is that mammalian cells are more complex than yeast and possess backup 
repair mechanisms that a simpler organism like yeast is lacking. Parallel to this are findings in E. 
coli, showing that bacteria react to an overdose of oxidative damage by Zeocin (Tsukuda and 
Miyazaki, 2013) or ionizing radiation with genome fragmentation (Blaisdell and Wallace, 2001). As 
in yeast, knocking out BER glycosylases in E. coli causes resistance to oxidative damage (Blaisdell 
and Wallace, 2001).  
While actin is conserved (Akram et al., 2020), the preferred BER subpathways in mammalian cells 
and yeast are different in that mammals have a robust short-patch repair system based on XRCC1 
and Ligase III (Kelley et al., 2003). Despite these potential differences, we found that Latrunculin 
B increases the amount of the DNA damage checkpoint marker γH2AX in a dose-dependent 
manner in primary fibroblasts (HDFn) (Hurst, Gerhold et al., in revision). Furthermore, we found 
that DNA strand breaks in primary fibroblasts are increased upon treatment with Zeocin and 
Latrunculin B compared to either of those drugs alone (Hurst, Gerhold et al., in revision), 
suggesting at least an additive effect of oxidative damage and actin perturbation in mammalian 
cells. Because of the highly synergistic action of Zeocin and actin perturbation in yeast, we carefully 
tested synergy in mammalian cells and found a cancer cell line (HCT116), in which Zeocin and 
Cytochalasin D had a synergistic effect on cell proliferation (Hurst, Gerhold et al., in revision). 
Those findings show that actin does affect DNA damage in mammalian cells as well. However, it 
is not clear what type of damage that is and whether the synergy is cell-line specific.  
Our conclusions are supported by several findings of other groups, who also investigated the 
effects of actin on repair in mammalian cell lines. The increase of γH2AX upon actin perturbation 
that we detected was also found in HeLa cells (Belin et al., 2015). Compared to our results, the 
authors tested diverse factors that perturb the actin metabolism and the cytoplasmic/nuclear actin 
ratio (Belin et al., 2015), suggesting that what we see is not limited to Latrunculin treatment. The 
interpretation of the authors is that they are monitoring DSB repair. Since they mainly measure 
γH2AX, it is not clear what type of damage or which repair pathway they are looking at. Three 
further studies implicate actin in Xenopus (Samwer et al., 2013; Schrank et al., 2018), Drosophila 
(Caridi et al., 2018) and mammalian DSB repair (Andrin et al., 2012; Caridi et al., 2018; Schrank et 
al., 2018) and one of them provided more detailed mechanistic insights (Schrank et al., 2018). The 
authors find that the actin nucleating factors ARP2/3 bind to DSBs undergoing homology-
directed repair (HDR) but not to those repaired by non-homologous end joining (NHEJ) (Schrank 
et al., 2018). They suggest that ARP2/3 and its activator WASP, promote actin polymerization, 
which in turn promotes break movement and clustering, culminating in HDR. Supplemental data 
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shows that the WASP, ARP2/3 effect is not limited to HDR breaks but applies to all types of 
breaks that required substantial resection (Schrank et al., 2018). This suggests that the action of 
ARP2/3 is its effect on break end processing and resection, which indirectly affects break 
movement and clustering.  

Figure 4.1. The role of ARP2/3 in resection and DSB clustering as suggested in (Schrank et al., 2018). 

Las17, the WASP homolog, is involved in genome fragmentation in yeast (Hurst, Gerhold et al., 
in revision) and genome fragmentation is the result of an excessive amount of DSBs. Could it be 
that in yeast DSB repair is dysregulated as well? Deleting known players of yeast DSB repair had 
no effect on chromosome fragmentation (Shimada et al., in revision), which suggests that in our 
case DSB repair is not involved. Therefore, we asked if BER in mammalian cells might be affected 
by actin. To test this, we measured the dynamics of two BER factors upon laser-induced DNA 
damage.  

Actin and tubulin both affect the dynamics of BER factors 

We measured the dynamics of XRCC1 and PCNA at a site of DNA damage induced by a 405 nm 
laser in U2OS cells (Hurst et al., in revision). Since yeast primarily uses long-path BER, and 
mammalian cells primarily use short-patch BER, we employed GFP-tagged XRCC1 as a marker 
for short-patch BER, and GFP-tagged PCNA (Olaisen et al., 2018) as a marker for long-patch 
BER. We hypothesized that long-patch repair in mammalian cells could be affected by actin 
perturbation specifically because yeast uses this type of BER primarily. This would also have served 
as an explanation for the lack of fragmentation in mammalian cells because they could compensate 
problems with long-patch BER by using short-patch BER. However, our measurements show that 
the effect of actin perturbation on XRCC1 dynamics is more significant, ruling out a long-patch-
specific effect. Surprisingly, the effect of the cytoskeleton on XRCC1 and PCNA dynamics is not 
limited to actin but applies to tubulin as well. While actin perturbation decreased the accumulation 
of XRCC1 at the laser line, tubulin perturbation increased the accumulation of both factors (Hurst 
et al., submitted). These findings show that compared to the chromosome fragmentation in yeast, 
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there is no actin specificity to altering the accumulation of BER factors at the site of laser-induced 
damage.  
How can this observation be explained? If BER factors were transported in intranuclear vesicles 
along either the actin or the tubulin cytoskeleton, this observation was understandable at least in 
part. However, I did not find evidence in the literature for this possibility. Furthermore, looking 
at their behavior in the experiment, XRCC1 and PCNA seemed to passively diffuse within the 
nucleus since they were evenly distributed.  
Evidently, actin and tubulin are present in the mammalian and the plant cell nucleus (Akoumianaki 
et al., 2009; Cruz et al., 2008; Schoenenberger et al., 2005; Schwarzerova et al., 2019; Walss-Bass 
et al., 2002). While monomeric actin is part of chromatin remodeling complexes, such as INO80 
(Bartholomew, 2013; Olave et al., 2002), the role of monomeric or polymeric tubulin is less known. 
However, a study suggests that it can bind histone H3. The authors observe that upon Nocodazole 
treatment, tubulin accumulates in the mammalian cell nucleus (Akoumianaki et al., 2009) to 
sequester H3 and prevent its interaction with other proteins such as HP1 and the Lamin B receptor 
(Akoumianaki et al., 2009). The authors suggest that nuclear tubulin accumulation is part of a 
defense mechanism, which limits cell proliferation under pathological conditions (Akoumianaki et 
al., 2009).  
Extrapolated to our observations and knowing that BER requires chromatin remodeling (Madders 
and Parsons, 2020), one could speculate that actin binding by Latrunculin B perturbs remodeling, 
which may lead to lower accumulation of BER factors at light-induced DNA lesions. On the other 
hand, the binding of tubulin to H3 may compete with native interactors of H3 and may open 
chromatin up, so that BER factors can access the lesions more easily. The latter is consistent with 
our observation on PCNA accumulation at the laser line after Nocodazole treatment. Compared 
to untreated cells, the region of PCNA accumulation in Nocodazole-treated cells is much less 
confined, leading to a broad line and an increased number of foci on both sides of this line (Hurst 
et al., in revision). 
Does altered repair factor dynamics influence the outcome of repair? We observed a synergistic 
decrease in cell proliferation in colorectal cancer cells upon Zeocin damage and actin disruption 
by Cytochalasin D, whereas Nocodazole alleviated the effect of Zeocin on cell proliferation (Hurst, 
Gerhold et al., in revision). These findings parallel the effects on XRCC1 and PCNA dynamics we 
observe with Cytochalasin B and Nocodazole. Even though the cell lines and sources of damage 
are different, it is striking that again Nocodazole and Cytochalasin have opposite effects. 
Nocodazole counteracts Zeocin damage in the cell proliferation assay and increases repair factor 
accumulation at the lesion, whereas Cytochalasin enhances Zeocin effects on cell proliferation and 
decreases repair factor accumulation at the laser line. This may suggest that the results on altered 
repair factor kinetics are indicative of a long-term DNA damage effect. Possibly, these results 
propose that perturbation of tubulin helps cope with DNA damage, while perturbation of actin 
counteracts DNA repair. 

The role of actin in chromatin remodelers 

If the loss of actin from remodelers plays a role in mammalian cells, what about remodelers in 
yeast? Indeed, we observe a complete block of chromosome fragmentation upon depletion of 
subunits of the chromatin remodeler Ino80 (Hurst, Gerhold et al., in revision), suggesting that 
BER requires chromatin remodeling in yeast as well (Hinz and Czaja, 2015; Li and Delaney, 2019; 
Madders and Parsons, 2020). Thus, chromosome fragmentation could also arise from perturbed 
remodeling. Else, remodeling may be a requirement for both native and hyperactivated BER, 
independent of fragmentation conditions.  
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Figure 4.2. Actin may affect repair indirectly through chromatin remodelers. 
Actin perturbation by mutation or treatment with the polymerization inhibitor Lat B 
could affect the activity of actin-containing remodelers. Remodeling activity is involved 
in HDR and BER, the types of DNA repair, in which actin plays a role. 

Visualization of nuclear actin and different forms of actin in yeast 

To distinguish between a nuclear or a cytoplasmic role for actin in chromosome fragmentation, 
we searched for tools to visualize nuclear actin in its globular and filamentous form in yeast. While 
live probes are easy to use in mammalian cell, yeast is more challenging. First, because the yeast 
nucleus is very small and second because the number of phalloidin-stainable filaments in yeast is 
much lower than in most mammalian cells. In the case of G-actin, we did not know what to 
visualize it with, how much of it is bound in complexes like chromatin remodelers and how strong 
the affinity of actin to the complex is. If the affinity is high, the probe cannot compete with it and 
will fail to detect it.  
We determined the F/G-actin ratio under conditions of chromosome fragmentation with a post 
fixation probe for F-actin (phalloidin), and fluorophore-tagged cofilin, which binds both F- and 
G-actin, and with quantification of total actin levels by Western blotting. Upon degradation of the
actin nucleating factor Las17, we observed cofilin bars in some nuclei and measured increased
nuclear cofilin by image quantification in single planes (Hurst, Gerhold et al., in revision). This
effect may be cofilin-specific and based on an actin-independent function for cofilin. The fact that
under the same conditions we cannot detect nuclear bars by phalloidin, suggests that if we detected
nuclear actin by its binding to cofilin, actin acquired a conformation that cannot be recognized by
the F-actin probe phalloidin. It is known that cofilin changes the twist of F-actin in a way that it
cannot be bound by phalloidin in addition (McGough et al., 1997), suggesting that we may be
seeing nuclear actin bars. Studies in mammalian cells have shown that actin import into the nucleus
is cofilin dependent (Pendleton et al., 2003), and that cofilin is a component of intranuclear and
cytoplasmic actin rods (Nishida et al., 1987). Thus, we may be driving an accumulation of actin-

125



cofilin complexes inside the nucleus by a Las17 degradation-dependent increase of the cytoplasmic 
G-actin pool.

The reasons for chromosome fragmentation 

Based on the fact that Zeocin lesions are repaired by BER and the observations of others in E. 
coli, where Zeocin leads to DNA fragmentation (Blaisdell and Wallace, 2001; Tsukuda and 
Miyazaki, 2013) in a manner dependent on BER glycosylases (Blaisdell and Wallace, 2001), it is 
likely that the BER machinery is responsible for the genome fragmentation in yeast.  
We observe genome fragmentation on high doses of Zeocin without perturbation of actin as well. 
This suggests that the fully functional native BER machinery can cause genome fragmentation. 
The study in E. coli shows that the only factor responsible for fragmentation is the formation of 
high numbers of clustered lesion on opposite strands, which are incised by the BER machinery at 
the same time (Blaisdell and Wallace, 2001). While the bacterial study was done with ionizing 
radiation, we know that Zeocin, which is a radiomimetic drug, causes clustered lesions 10 times 
more frequently (Povirk, 1996). 
One hypothesis we followed up on is that actin dysregulates BER at one of its steps. Though we 
found altered PTMs of BER players, in vitro binding of BER enzymes to F-actin, and Apn1 
coprecipitation with actin from yeast lysates, we could not pinpoint how actin regulates BER 
directly.  
This made us think of indirect effects for actin on BER. We tested two major hypotheses. One is 
an action of actin on chromatin through the LINC complex, the other is an influence of actin on 
BER through actin-containing chromatin remodelers. While mutants of the LINC complex did 
not affect fragmentation, inhibiting the function of the Ino80 chromatin remodeler did block 
genome fragmentation, suggesting that the actin effect could go through remodelers. Indeed, it is 
clear besides our own findings in yeast that chromatin remodeling is required for BER (Hinz and 
Czaja, 2015; Madders and Parsons, 2020) and that yeast actin mutants are able to phenocopy 
remodeler knockouts in yeast with respect to transcriptional changes (Kapoor et al., 2013). 
Lastly, since chromatin remodeling in part is ATP-dependent (van Attikum and Gasser, 2005), the 
energy level of a cell linked to its redox potential which has been shown to be associated with actin 
(Wang et al., 2001) (Belin et al., 2015), could affect remodeling capacities as well. 

Medical applications 

We observed a synergistic effect of Zeocin and Cytochalasin D (CytD) long-term incubation on 
cell proliferation in colorectal cancer cells (HCT116) (Hurst, Gerhold et al., in revision). In primary 
fibroblasts (HDFn), we could not reproduce these findings, suggesting that the synergy is cell line-
specific, potentially due to a certain mutation or a set of mutations present in the cancer cell line 
but not in primary cells. If those cell types were both present in a patient, the combinatorial 
treatment of Zeocin and CytD would affect cancer cells specifically. Indeed, the cytoskeleton is 
crucial to cancer cell invasion and metastasis (Li and Wang, 2020; Yao et al., 2020). Therefore, 
inhibitors of actin or tubulin polymerization are used as an anti-cancer treatment (Chao and Liu, 
2006; Deng et al., 2020; Khanfar et al., 2010; Konishi et al., 2009; O'Flaherty et al., 2019; Zdioruk 
et al., 2020), often in combination with DNA damaging agents (Shang et al., 2001). With respect 
to this, our finding in HCT116 cells is worth being pursued. 

Conclusion 

We present data showing that actin disruption and oxidative damage can be detrimental in yeast 
and find that this goes through BER. Further, we show that a block of chromatin remodeling by 
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Ino80 prevents the detrimental effect. We find that a shift of the nuclear/cytoplasmic F-/G-actin 
balance perturbs BER.  
With respect to the mammalian field of nuclear actin and BER, we critically reviewed tools and 
interpretations of published studies based on our own observations with artifacts and inconclusive 
data. We think that indirect effects through remodelers are often not considered. With respect to 
mechanisms of actin in DNA repair, it seems that though two recent studies get closer to a 
mechanism, a large fraction of important details is still missing while previous studies often do not 
give any insight at all.  
Finally, we admit that proper studies of nuclear actin may not be doable with the tools available 
today because of lack of specificity. However, it may also reflect the pleiotropic nature of actin 
that cannot be solved in the future either. 
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CHAPTER 5: AN INTRODUCTION TO CHECKPOINT KINASE 
MEC1 AND ITS ROLE IN REPLICATION 

Mec1: a member of the PIKK family 

The family of phosphatidylinositol 3-kinase (PI3K)-related kinases (PIKK) is a group of conserved 
kinases, including Tor1/2 (mTOR), Tel1 (ATM), Mec1 (ATR) and Tra1 (TRRAP) (Hoffman et 
al., 2016), sharing a similar domain architecture. The N-terminus consists of a HEAT repeat 
structure of variable length serving as a binding platform for kinase interactors (Luzwick et al., 
2014) and can bind DNA (Luzwick et al., 2014), while at the C-terminus, the kinase domain is 
located. It is flanked by a FAT (FRAP, ATM, TRRAP) and a C-terminal FAT domain (FATC), 
which mainly consists of alpha-helical secondary structures (Bosotti et al., 2000) (Cimprich and 
Cortez, 2008). These domains are interaction sites for other proteins that determine the kinase 
specificity in different cellular contexts (Cimprich and Cortez, 2008) (Angira et al., 2020). Each 
PIKK kinase is embedded in a multicomponent complex, the largest of which is TORC1/2 and 
TRRAP. Like their architecture, the sites these kinases modify within a protein are similar. PIKKs 
have a preference for serine and threonine residues followed by glutamine ([S/T]Q) or by a 
hydrophobic residue (Kim et al., 1999) (Chan et al., 1999) (Cortez et al., 1999) (Sweeney et al., 
2005). Tel1 and Mec1 have been found to target SQ/TQ cluster domains (SCDs) (Cheung et al., 
2012).  

Mec1 (Mitosis Entry Checkpoint 1) is a genome integrity checkpoint kinase in yeast, which reacts 
to various types of DNA damage 
and provokes a set of cellular 
responses (Hustedt et al., 2013). 
Many structures triggering a Mec1 
response are generated during DNA 
replication in S phase (synthesis 
phase) (Hustedt et al., 2013). 
Mec1/ATR requires a cofactor 
(Ddc2/ATRIP) both for its kinase 
activity and stability (Cortez et al., 
2001) (Paciotti et al., 2000). The N-
terminal Heat repeats of Mec1/ATR 
bind Heat repeats in Ddc2/ATRIP 
(Rao et al., 2018)and in yeast the two 
proteins are completely dependent 
on each other  (Cortez et al., 2001) 
(Paciotti et al., 2000). Ddc2/ATRIP 
forms a bridge for kinase 
recruitment at site of ssDNA 
through RPA or other DNA binding 
factors (Deshpande et al., 2016). 

Figure 5.1. Cryo-EM structure of human ATR-ATRIP from (Rao et al., 2018). 
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The intra-S phase checkpoint 

The yeast cell cycle is controlled by a protein kinase (Cdk1), which depends on different activator 
proteins, which have fluctuating abundances during the cell cycle (“cyclins”, thereby regulating cell 
cycle phases (Kuntzel et al., 1996). Activators in G1 are Cln1-3, Clb5,6 in S phase, Clb3,4 in S/G2 
phase and Clb1,2 in mitosis (Morgan, 1997). The activity of Cdk1/cyclin controls DNA replication 
by performing a specific timely ordered step in each phase. At the end of mitosis, a pre-replication 
complex (pre-RC) is formed when Cdk1 activity goes down (Diffley, 1996)  (Diffley et al., 1994), 
being assembled at origins of replication (ORI). In budding yeast, ORIs consist of characteristic 
DNA consensus sequences, which enable binding of the origin recognition complex (ORC) 
(Newlon and Theis, 2002). The pre-RC consists of ORC, Cdc6, Cdt1 and Mcm2-7 (Tanaka and 
Araki, 2010). In early S phase, the bridging factors Sld3-7 and Dpb11-Sld2 bring the helicase 
components Cdc45 and GINS, as well as DNA polymerases to the pre-RC (Tanaka and Araki, 
2010) (Zegerman and Diffley, 2010), where finally with help of Mcm10 DNA replication is initiated 
(van Deursen et al., 2012). The initiation of replication depends on phosphorylation events 
triggered by the Cdk1/Clb5,6 complex (S-phase CDK in mammals) and the Cdc7/Dbf4 (DDK 
complex) which targets and activates the MCM helicase complex (Bousset and Diffley, 1998) 
(Larasati and Duncker, 2016) (Alver et al., 2017) (Remus and Diffley, 2009).  
DNA synthesis is carried out by a huge protein machinery including DNA polymerases of which 
three have been found to be involved in nuclear DNA replication, namely polymerase α, δ and ε 
(Garbacz et al., 2020). The site at which the replication helicase (MCM complex) and the 
replication polymerases act in concert to unwind the double helical structure of DNA and 
synthesize new DNA is called the replication fork due to its fork-like structure (Spiesser et al., 
2010). The speed of replication fork movement as well as the interval of origin firing can vary 
greatly, and depend on a number of factors, including temperature, secondary structure in the 
DNA, dNTP abundance and the frequency of collision with other complexes on the DNA. Fork 
speed can be measured and computed precisely (Spiesser et al., 2010), using DNA combing 
(Bianco et al., 2012), while origin firing is generally measured either by 2-D gel electrophoresis or 
the presence of divergent Okazaki fragments (Feng et al., 2006) (Feng et al., 2007). DNA combing 
makes use of the incubation of cells with thymidine analogs, such as BrdU, IdU, CldU or EdU, in 
pulses of defined time periods (Bianco et al., 2012). During these incubation pulses, cells 
incorporate the analogs into their DNA, and can be chased for different periods of time. After 
purifying and aligning DNA fibers on a cover slip, one can detect the extent of incorporated 
derivatized nucleotides by fluorescence microcopy (Bianco et al., 2012). Measurements of 
deviations in origin firing and fork speed are crucial to the study of the DNA replication 
checkpoint. 

Substrates for Mec1 response and compounds used for induction of S phase stress 

While DNA damage occurs in all phases of the cell cycle, S phase is particularly vulnerable because 
the DNA helix is topologically destabilized due to its unwinding by helicases, and because the 
template for DNA synthesis is single-stranded (Lindahl, 1993). At this point a nick or lesion in one 
strand of the double helix can result in a double-stranded DNA break (DSB) and loss of distal 
genomic material, whereas in an annealed double helix, ss nicks pose little threat to genomic 
integrity. The fact that fragile sites, which are chromosomal sites of at which DSBs and 
translocations occur, are enhanced by low replication speed, particularly in the absence of Mec1-
Ddc2 kinase, supports this notion (Cha and Kleckner, 2002).  
Yeast, like all other eukaryotic species, have developed multiple mechanisms to prevent and cope 
with DNA damage in S phase. Although it is likely that the picture, we have today is not complete, 
as suggested by new insights we provide in our study in Chapter 6, many functions of the intra S-
phase checkpoint are well known. For example, checkpoint activation in S phase can prevent the 
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firing of origins that have not fired prior to the onset of checkpoint signaling (“late origin” 
repression) (Santocanale and Diffley, 1998) (Shirahige et al., 1998). It also prevents the conversion 
of stalled forks into DSBs by stabilizing the replication polymerases with the MCM complex at 
sites of stalling (Cobb et al., 2003; Cobb et al., 2005). The enhanced recombination that occurs at 
fork-associated breaks mediates fork restart, but also increases mutation rates (Mansour et al., 
2020). 
Although it was known that RPA interacts with Ddc2 to recruit the Mec1-Ddc2 complex (Zou 
and Elledge, 2003), it was unclear which structures at stalled forks actually activate the Mec1 
checkpoint (Deshpande et al., 2017). An in vitro study in Xenopus egg extracts found that ATR
activation requires primed ssDNA, that is, a dsDNA-ssDNA junction structure (MacDougall et 
al., 2007). The longer the ssDNA is, the stronger the checkpoint activation, yet non-primed DNA 
did not trigger checkpoint activation in the Xenopus extracts (MacDougall et al., 2007). These 
findings suggest that whereas the RPA (replication protein A)-ssDNA complex may be required 
for the checkpoint response; it is not sufficient for activation. This idea perfectly fits the model 
proposed for Mec1 activation in yeast based on structural data (Deshpande et al., 2017). A 
homodimer of Ddc2-Mec1 binds RPA-coated ssDNA with a flexible region of Ddc2, allowing 
checkpoint activation locally in a ssDNA length-dependent manner (Deshpande et al., 2017), yet 
activation is also dependent on interaction of the clustered Mec1-Ddc2 complex with the PCNA-
like clamp, Rad17, Ddc1 and Mec3 (called the 9-1-1 complex in other species for RAD9Rad17-
RAD1Ddc1-HUS1Mec3) (Majka et al., 2006b). The longer the stretch of ssDNA, the stronger the 
checkpoint activation, which is manifest in the activation of a checkpoint effector kinase, Rad53 
(Bantele et al., 2019), unless the pools of RPA, Ddc2 and Mec1 are exhausted by an excess of 
ssDNA (Toledo et al., 2013).  

Figure 5.2. The dsDNA-ssDNA structure activates the S phase checkpoint. Adapted from 
MacDougall et al., 2007. Though the length of RPA-coated ssDNA adjacent to the junction structure plays 
a role in Mec1 activation, it is not sufficient for initiation of the global checkpoint. Therefore, the dsDNA-
ssDNA junction is needed as activation substrate. In this assay done on Xenopus egg extracts, the 5’ 
junction showed a much stronger effect on checkpoint activation than the 3’-end. 

The detection and sensing of the “primed” ssDNA structure, or dsDNA-ssDNA junction, is key 
to checkpoint activation. Several processes arising from fork stalling, normal replication or DNA 
repair can temporarily create primed ssDNA, for example, during lagging strand synthesis, 
nucleotide excision repair (Huang et al., 1992) or DSB resection (Bantele et al., 2019), reviewed in 
(Hustedt et al., 2013). The fact that regular replication structures can trigger the checkpoint 
suggests that Mec1 is always activated at a low level during S phase, and that the full-blown 
checkpoint response requires additional triggers, like extensive ssDNA (Zhao et al., 2001) (Randell 
et al., 2010). Consistently, in addition to a primed ssDNA structure, the replication checkpoint can 
be stimulated by low dNTP levels, which slow fork movement and risk to dissociate the MCM 
helicase from the replisome. It is thus not surprising that the replication checkpoint feeds back to 
stimulate dNTP synthesis (Forey et al., 2020). 
To trigger the intra S checkpoint in the laboratory, several replication stress-inducing drugs are 
used. For our study in Chapter 6, we used hydroxyurea (HU), which depletes dNTP pools by 
inhibition of ribonucleotide reductase (RNR) (reviewed in (Hustedt et al., 2013)). Further drugs 
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activating Mec1 by perturbation of S-phase are the polymerase inhibitor aphidicolin, the 
topoisomerase I inhibitor camptothecin or methylmethane-sulfonate (MMS), which alkylates 
bases, to provoke translesion synthesis and an uncoupling of helicase from the replicative 
polymerases. This in turn leads to increased exposure of ssDNA and repair intermediates 
(reviewed in (Hustedt et al., 2013)). We note, however, that the factors involved in the response 
to MMS are largely distinct from those involved in the response to HU.  

Mec1 signaling cascade 

Mec1 is stoichiometrically bound to Ddc2, which in turn binds the RPA trimer that is bound to 
ssDNA in a stoichiometric manner (Deshpande et al., 2017) (Zou and Elledge, 2003). To trigger 
a global checkpoint response and full activation of the checkpoint effector kinase Rad53, further 
activators are needed. We note that what we call a global checkpoint response depends on the level 
of Rad53 auto-phosphorylation, which is measured by a Rad53 upshift on a Western blot. The 
threshold between local and global checkpoint activation may differ depending on the method and 
readout used.  
The structure ds-ssDNA structure that activates Mec1-Ddc2 is recognized by the Rad24-RFC 
complex, which in turn loads the 9-1-1 checkpoint clamp onto DNA at both 5’ and 3’ junctions 
(MacDougall et al., 2007) (Majka et al., 2006a). 5’ junctions are preferred in vitro. The cofactors of 
Mec1-Ddc2 activation that provide specificity, such as Rad24-RFC and the 9-1-1 complex, are 
called checkpoint mediators (Bantele et al., 2019). Upon phosphorylation of the checkpoint 
mediator Ddc1 by Mec1, Dpb11 (TOPBP1 in mammals) can be recruited to activate Mec1-Ddc2 
(ATR-ATRIP) (Mordes et al., 2008) (Puddu et al., 2008) (Paciotti et al., 1998). It is likely that this 
type of Mec1 activation applies more broadly, to a set of proteins with similar properties (Wanrooij 
et al., 2016). 
The effector kinase Rad53 triggers a Mec1-induced global damage response by phosphorylating a 
set of substrates (Branzei and Foiani, 2006). Phosphorylation of histone H2AX (γH2AX) serves 
as a local marker for checkpoint activation, being primarily the target of ATR and ATM (Mec1 
and Tel1), although in mammalian cells it is also modified by DNA-PK (Downs et al., 2000). Thus, 
both a local and a global response is triggered (Bantele et al., 2019). Recent evidence suggests that 
γH2AX is generated as soon as Ddc2-Mec1 bind a damage site, whereas Rad53 activation, which 
triggers responses throughout the cell, depends on the amount of ssDNA generated and is 
mediated via the 9-1-1 complex (Bantele et al., 2019). Sgs1 helicase is also involved in the 
recruitment of Rad53 to stalled forks, to facilitate its activation on HU (Hegnauer et al., 2012).  
The type of DNA repair triggered and the DNA damage response both depend on the phase of 
the cell cycle (Pfander and Diffley, 2011). This will be discussed again in the next chapter, and we 
focus here on the S-phase response. The 9-1-1 mediator senses stalled replication forks to trigger 
a global Rad53 response (Bjergbaek et al., 2005) (Katou et al., 2003), in a manner that appears to 
depend on the number of stalled forks (Bantele et al., 2019).  
Another protein with a role in S phase that is capable of activating Mec1, is the large nuclease-
helicase protein, Dna2. Dna2 is essential for Okazaki fragment processing and harbors a Mec1 
activation domain, that can activate Rad53 in S phase (Kumar and Burgers, 2013). Dna2 may 
stimulate Mec1 through its interaction with the RecQ helicase Sgs1, which has been shown to 
sense S phase stress (Cejka et al., 2010) (Frei and Gasser, 2000) and to contribute to checkpoint 
activation by directly binding Rad53 (Hegnauer et al., 2012). 
Finally, the key mediator that signals S phase stress to Mec1-Ddc2 is Mrc1 (Alcasabas et al., 2001) 
(Osborn and Elledge, 2003) (Tanaka and Russell, 2001). Mrc1 is an integral replisome component 
(Osborn and Elledge, 2003), which means it is present both at stalled and actively moving forks. 
It has been proposed that Mrc1 facilitates the interaction between Mec1 and Rad53 (Osborn and 
Elledge, 2003), although the exact mechanism is not clear. The idea that Mrc1 travels along DNA 
with the replication machinery solely as a sensor for damage and a signal integrator is supported 
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by data showing that the ablation of Mec1 target sites in Mrc1 leads solely to defects in checkpoint 
activation and does not affect replisome progression under unchallenged conditions (Alcasabas et 
al., 2001) (Osborn and Elledge, 2003). 

Figure 5.3. Replication checkpoint signaling. Ddc2 in complex with Mec1 binds RPA-coated 
ssDNA as a dimer. Global checkpoint signaling is activated by the 9-1-1 clamp (Rad17-Mec3-Ddc1), 
which is loaded onto dsDNA/ssDNA junctions by Rad24/Rad17-RFC), by Dpb11 or Dna2. Checkpoint 
mediators like Mrc1 and Sgs1 help activate the global checkpoint transducing kinase Rad53, which in turn 
activates the Dun1 kinase to prevent damage and promote repair by the regulation of replication and 
transcription.  

Cellular effects and regulation of Mec1 signaling 

The purpose of Mec1 signaling is to prevent and repair DNA replication damage and subsequent 
genome instability, which can lead to cell death (Weinberger et al., 2005). All measures a yeast cell 
takes within the DNA damage response likely serve the single purpose of preventing cell death 
(Zhang et al., 2017), either within the current cell cycle or the next (Fumasoni and Murray, 2020). 
To do that efficiently, the cell needs to sense S-phase damage as soon as it occurs, facilitated by 
Mrc1, and to repair it instantly. A yeast cell does this by delaying fork progression and preventing 
further origin firing, all while promoting cell cycle arrest in order to give the cell time for repair 
(Reviewed in (Hustedt et al., 2013)).  
Whereas higher eukaryotes and fission yeast can block entry into mitosis by CDK regulation (Peng 
et al., 1997) (Busino et al., 2003) (Jin et al., 2003), S. cerevisiae was originally thought not to use this 
mechanism (Sorger and Murray, 1992). However, there is evidence that Cip1, a Cdk1 inhibitor is 
under control of Mec1 and Rad53 (Zhang et al., 2017), and that the budding yeast replication 
checkpoint can block the meta- to anaphase transition by stabilization of Pds1, and stimulation of 
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the Bub2/Bfa1 complex to inhibit mitotic exit (Sanchez et al., 1999) (Clarke et al., 2001) (Hu et 
al., 2001). The checkpoint also inhibits microtubule elongation (Krishnan et al., 2004).  
In addition to these drastic steps that block mitosis, there are mechanisms that help limit damage 
during S phase. Fork speed can be controlled by the availability of nucleotides for DNA synthesis 
(Poli et al., 2012), and Rad53 phosphorylates the Dun1 kinase (Nordlund and Reichard, 2006), 
which in turn controls the degradation of Sml1 and Dif1, two inhibitors of ribonucleotide 
reductase (RNR) (Zhao and Rothstein, 2002) (Lee et al., 2008). Together with Dun1’s 
transcriptional control of RNR through Crt1 (Huang et al., 1998), this leads to an upregulation of 
RNR abundance and activity, which in turn increases dNTP pools to help overcome the replication 
stress (Forey et al., 2020). 
Another event controlled by the S phase checkpoint is origin firing. Like the upregulation of dNTP 
pools, lowering the consumption of dNTPs by slowing fork progression and repressing origin 
firing, helps attenuate replication stress. Origin firing in budding yeast occurs in a programmed 
manner throughout S phase, with some origins firing early, others late. Factors such as the DDK 
complex (Cdc7-Dbf4) and Sld2-Sld3 complex, both of which are required for firing, are present 
in limiting amounts, and are recycled after use by one origin, for use by later initiation events 
(Gilbert et al., 2010) (Barberis et al., 2010) (Tanaka et al., 2011) (Mantiero et al., 2011). Rad53 
activation can suppress origin firing by downregulating two essential factors Sld2 and Dbf4 
(Lopez-Mosqueda et al., 2010; Zegerman and Diffley, 2010), thus placing late origin firing under 
control of the DNA damage checkpoint. 

Transcription control 

Transcriptomics studies in S. cerevisiae have shown that hundreds to thousands of genes have 
altered expression upon treatment with genotoxic agents that cause replication stress (van Attikum 
et al., 2004) (Jelinsky and Samson, 1999) (Gasch et al., 2001) (Benton et al., 2006) (Putnam et al., 
2009). The fact that genotoxic agents often cause a global stress response as well, suggests that not 
all transcription changes are due to the DNA damage checkpoint (Putnam et al., 2009). Indeed, in 
a study investigating transcriptional changes upon MMS, only 50% of the altered transcripts were 
Dun1 and Mec1-dependent (Gasch et al., 2001). The transcriptional response depends on the 
genotoxic agent used as well as the operators and mode of transcript detection. 
Two branches of the replication checkpoint that control transcription have been described, one 
pathway goes through Rad53, the other one through Dun1 (Huang et al., 1998) (Travesa et al., 
2012) (Bastos de Oliveira et al., 2012). Dun1 has been shown to upregulate genes involved in repair 
and nucleotide synthesis by inhibition of Crt1-mediated suppression of damage response genes 
(Huang et al., 1998) (Gasch et al., 2001). Controlled downstream of Rad53 is the expression of 
G1/S genes, both on the level of mRNA and on the level of the protein MBF (MluI cell-cycle box 
(MCB) binding factor) by inactivation of its transcriptional repressor, Nrm1 (Bastos de Oliveira et 
al., 2012; Travesa et al., 2012). G1/S genes undergo an SBF-to MBF switch, which leads to the 
expression of replication stress response genes in a Rad53-dependent manner (Bastos de Oliveira 
et al., 2012). Further evidence that there are additional downstream players involved in controlling 
transcription in response to DNA damage, is provided below in our analysis of PTMs and 
chromatin-bound protein abundance (see Chapter 6). 
We have examined transcription regulation upon HU-induced replication stress by the specific 
eviction of RNA polymerases from chromatin (Chapter 6). Several studies have shown that RNA 
polymerases II (Poli et al., 2016) (Korthout et al., 2018) and III (Nguyen et al., 2010) as well as 
accessory factors are removed from chromatin in an HU-dependent manner (Nguyen et al., 2010) 
(Poli et al., 2016) (Korthout et al., 2018). The authors of these studies argue that collision between 
the transcription and replication machinery is responsible for polymerase eviction, however, it is 
unclear exactly what defines such collision. Clearly, replication and transcription interfere with 
each other in some way, which will be discussed in the next chapter. 
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Mec1 regulates collisions between replication and transcription machineries 

It seems obvious that the coincident action of large multicomponent enzyme machines, such as 
replication and transcription complexes, working on the same template DNA, will encounter each 
other (Garcia-Muse and Aguilera, 2016). The outcome of this encounter depends on a number of 
factors, such as their affinity to DNA, the secondary structure of the DNA and their direction of 
travel along the DNA fiber, relative to each other (Garcia-Muse and Aguilera, 2016). The worst 
outcome of a collision between transcription and replication machineries is genome instability, 
which includes DSBs, point mutations and deletions, recombination and/or chromosome 
rearrangements (Garcia-Muse and Aguilera, 2016).  

Head on and co-directional collision 

If the direction of replication fork movement is the same as the direction of transcription and the 
two machineries overtake each other or collide, this is called a codirectional collision (Garcia-Muse 
and Aguilera, 2016). If the direction of fork movement is the opposite of that of transcription, the 
event is called a head-on collision (Garcia-Muse and Aguilera, 2016). There is evidence suggesting 
that head-on collisions can lead to a more severe genome instability (Srivatsan et al., 2010) (Prado 
and Aguilera, 2005). This may be explained by the fact that under standard co-directional 
movement conditions, transcription is terminated and the replication fork can resume more 
rapidly, after having being slowed by the RNA polymerase in front (Garcia-Muse and Aguilera, 
2016). However, a head-on collision may arrest replication completely, and its restart depends on 
the removal of the RNA polymerase from its template (Garcia-Muse and Aguilera, 2016). 
Besides this simple factor of direction of movement, additional parameters that influence the 
outcome of transcription replication collisions are the sequence and topological structure of DNA 
at the site of collision (Garcia-Muse and Aguilera, 2016). In co-directional collisions in G-rich 
sequences, G-quadruplexes form and stall the replication fork (Garcia-Muse and Aguilera, 2016). 
In addition, transient DNA-RNA hybrids formed by the transcription machinery, may be an 
obstacle to the fork depending on their stability (Garcia-Muse and Aguilera, 2016). The ablation 
of helicases and topoisomerases such as RNaseH, Topoisomerase 1 or 2, Rrm3 or Pif1, which 
resolve RNA-DNA hybrids, supercoiled DNA or G-quadruplexes, respectively, increase the 
incidence of fork stalling, which suggests that these enzymes are involved in preventing sequence-
based obstacles (Garcia-Muse and Aguilera, 2016) (Ivessa et al., 2003). The collision of 
transcription and replication machineries occurs in all known organisms. Therefore, conserved 
mechanisms that prevent, alleviate, or resolve collisions are found across species (Garcia-Muse 
and Aguilera, 2016). Since we investigated these mechanisms in yeast (see Chapter 6), we will 
discuss primarily studies on yeast here. 
In budding yeast, tRNA genes are sites with frequent transcription/replication collision (Nguyen 
et al., 2010). Transcription at tRNA genes, which is carried out by RNA polymerase III (RNAP 
III) acts a barrier to replication, and collision can cause chromosome breakage (Nguyen et al.,
2010) (Szilard et al., 2010) (Azvolinsky et al., 2009) (Deshpande and Newlon, 1996). An earlier
study found that under conditions of HU-induced replication stress RNA polymerase III is evicted
from tRNA genes in a manner dependent on the Mec1 checkpoint (Nguyen et al., 2010). The
authors propose that Mec1 signaling by Mrc1 and Rad53 targets Maf1, a conserved repressor of
tRNA gene transcription to evict RNAP III from chromatin (Nguyen et al., 2010).
Other yeast studies found that like RNAP III, RNAP II is involved in preventing transcription
replication collisions as well (Felipe-Abrio et al., 2015) (Poli et al., 2016). Different mutations in
Rpb1, the catalytic subunit of the RNAP II complex, caused major problems to replication, which
resulted in DSBs and hyperrecombination (Felipe-Abrio et al., 2015). Rpb1-1, one of the mutations,
led to Rpb1 retention on chromatin, which in turn is thought to cause defective replication (Felipe-
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Abrio et al., 2015). Based on this and other observations, the authors suggested that in an 
unchallenged cell cycle, RNAP II is evicted from chromatin to prevent its collision with the 
replication machinery (Felipe-Abrio et al., 2015).  

Figure 5.4. Transcription replication collisions and DNA structure. Adapted from (Garcia-Muse and 
Aguilera, 2016). a) Head-on collision. If the machineries move towards each other, supercoiled DNA is 
generated in between them, and blocks the movement of both. b) Codirectional collision. At sequences 
with increased G content, G-quadruplex structures can form behind the RNA polymerase. These structures 
efficiently block the replication fork, although they can be resolved by helicases. c) Codirectional collision 
triggered by RNA-DNA hybrids. The hybrid generated by the RNA polymerase can block the replication 
fork as well. 

A study done in our laboratory supports this hypothesis (Poli et al., 2016). On HU-induced 
replication stress, components of RNAP II and its accessory complex PAF1 were found to be 
evicted from chromatin, and the catalytic subunit of RNAP II, Rpb1, was transiently degraded 
(Poli et al., 2016). Removal of RNAP II from chromatin depends on the INO80 chromatin 
remodeling complex, on the PAF1 complex, as well as on the checkpoint kinase Mec1 (Poli et al., 
2016). Depletion of essential components of those complexes, as well as depletion of Mec1, led to 
a failure to evict RNAP II, augmenting replication associated damage (Poli et al., 2016). In other 
studies, a single locus mass spectroscopy study using tagged chromatin immunoprecipitation and 
barcode sequencing, provided a broader picture of the factors present on a transcribed gene that 
is close to a replication origin, in the presence and absence of HU (Korthout et al., 2018). 
Consistent with the chromatin-wide observations made in the Poli et al. study, the factors 
Korthout et al. found evicted from the transcribed gene included subunits of RNAP II, PAF1C, 
and chromatin remodelers, as well as histones and transcription factors (Korthout et al., 2018; Poli 
et al., 2016).  
A third yeast study focused on histone marks that regulate transcription during replication stress 
induced by incubation in HU (Voichek et al., 2018). The authors propose that upon replication 
stress, the Mec1/Rad53 replication checkpoint stabilizes H3K56 acetylation to dilute the 
transcription activating histone mark H4K4me3 and shut down RNAP II-mediated transcription 
(Voichek et al., 2018). This is unlikely to be a rapid response, given that dilution of a modified 
histone would take histone turnover.  
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Specific Mec1 mutants for the study of the intra-S phase checkpoint 

Figure 5.5. Structure of Mec1-Ddc2. Crystal structure of yeast Mec1 and a domain of Ddc2 at 
3.9 A resolution (PDB 5x6o) (Wang et al., 2017). Yellow: Ddc2, green: Mec1, blue: kinase domain 
(C-lobe) of Mec1, violet: FAT domain of Mec1(Wang et al., 2017), red: S1991, the site mutated to 
A in Chapter 6, cyan: F1179 and N1700, the sites mutated to S in mec1-100, which has been 
described previously. 

mec1-100 attenuates the replication fork-specific checkpoint response 

The mec1-100 mutant allele of the Mec1 checkpoint kinase harbors two point mutations (F1179S 
and N1700S) and has been used to study S phase-specific defects of the Mec1 kinase. Indeed, mec1-
100 shows delayed activation of Rad53 in S-phase, but normal Rad53 activation in damaged G2 
phase cells (Paciotti et al., 2001). F1179 resides in a domain N-terminal of the FAT and kinase 
domain, whereas N1700 is located with the FAT domain proximal to the kinase domain (see 
above) (Paciotti et al., 2001). It has been shown that the ability of the mec1-100 mutant kinase to 
phosphorylate a peptide of Sgs1 (aa404-604) is intact in vitro (Hegnauer et al., 2012). In S phase 
mec1-100 mutated Mec1 is recruited to stalled forks like wild-type Mec1 (Cobb et al., 2005), yet it 
leads to loss of polymerases from stalled forks on HU, allowing fork collapse in the absence of 
Sgs1, even though it is competent to block late origin firing (i.e. Rad53 is activated) (Cobb et al., 
2005). These findings suggested the double point mutation compromises fork-associated 
processes and not the events regulated by activation of the downstream effector kinase, Rad53.  
Further examination of the downstream pathway showed that while mec1-100 is hypersensitive to 
HU, the wild-type level of HU resistance could be restored by ablation of the PP4 phosphatase 
(Hustedt et al., 2015). Loss of PP4 subunits, restores most of the phosphorylation states 
downstream of Mec1 to their normal levels and suppresses the mutant phenotype, suggesting that 
the mec1-100 defect (i.e., loss of phosphorylation) can be reversed by eliminating the phosphatase 
PP4 (Hustedt et al., 2015). This argues that the kinase and the phosphatase are normally balancing 
out each other’s activities. Furthermore, it was shown that Mec1-Ddc2 and PP4 interact physically 
(Hustedt et al., 2015). 

138



mec1-S1991A 

Amongst the target sites that are differentially phosphorylated in mec1-100 and are restored to 
normal regulation by depletion of PP4 subunits, is a site within Mec1 itself, serine 1991 (Hustedt 
et al., 2015). Mutation of S1991 to alanine, causes sensitivity to DNA damage-inducing agents 
(Hustedt et al., 2015), which suggests that it may play a key role in regulating Mec1 activity. The 
fact that S1991 is phosphorylated both on HU and in an unperturbed S-phase (Hustedt et al., 
2015), suggests that it could be a site that specifically regulates Mec1 function in S phase.  
In Chapter 6 we find that mec1-S1991A cells are deficient in RNA polymerase regulation, which is 
one of the causes for S phase stress (Nguyen et al., 2010) (Poli et al., 2016) (Chong et al., 2020). 
We describe the cellular processes that are altered in the mec1-S1991A mutant and examine whether 
it regulates transcription in cells exposed to HU-induced stress. 
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CHAPTER 6: A DISTINCT PHOSPHOSITE IN MEC1 (S1991) 
REGULATES TRANSCRIPTION-REPLICATION CONFLICTS 
This chapter consists of the following publication: 

Hurst, V., Challa, K., Jonas, F., Forey, R., Seebacher, J., Hustedt, N., Barkai, N., Shimada, K., 
Gasser, S.M. and J. Poli. “A regulatory phosphorylation site on Mec1 controls RNAP II and III 
occupancy on chromatin during replication stress.” EMBO J: e108439. 

Author contributions: 

VH, JP, KS, NH and SG designed the experiments. VH, JP, KS and NH and performed the 
experiments. JP did the libraries, sequencing and bioinformatics analyses. Supervision and project 
administration: SG, JP, KS. JP wrote the initial draft of the manuscript. Writing, review, and 
editing: JP, VH, KS and SG.  

Summary 
In this study we, describe the effect of a phosphorylation site in Mec1 (S1991) on the regulation 
of both RNAP II and III on hydroxyurea-induced replication stress. We find that a serine to 
alanine point mutation at this site causes defects in RNAP II eviction and degradation, as well as 
impaired downregulation of tDNA expression by RNAP III. The failure to remove RNA 
polymerases from chromatin leads to increased levels of RNA-DNA hybrids, genome-wide 
replication defects and increased lethality on hydroxyurea, which can be rescued by tagging an 
RNAP II subunit. We suggest that Mec1-S1991 phosphorylation regulates RNA polymerases to 
prevent transcription-replication collisions under conditions of replication stress. 
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CHAPTER 7: DISCUSSION AND CONCLUDING REMARKS 

The article in Chapter 6 shows that the intra-S phase checkpoint in yeast, mediated by Mec1 is 
crucial for shutting down transcription under HU-induced replication stress. We show that a 
phospho-acceptor serine mutated to alanine at a site (S1991) between the Mec1 FAT and kinase 
domain, impairs Mec1’s ability to evict RNA polymerases from chromatin, leading to a significant 
slow-down of replication fork progression. We conclude that the mec1-S1991A mutant is impaired 
for preventing transcription-related replication problems on HU, and we propose that this is due 
at least in part to an altered regulation of Mec1 by the absence of phosphorylation on this specific 
Ser1991 residue. Of note, in the mammalian Mec1 homologue, ATR, an autophosphorylation site 
on T1989 with similar properties has been described (Nam et al., 2011) (Liu et al., 2011) and will 
be discussed later in this Chapter. 

Detrimental consequences of transcription-replication conflicts 

Why is the regulation of transcription on replication stress so important?  Surprisingly, evolution 
has come up with a suboptimal system in which different machineries (i.e. transcription and 
replication) work on the same template molecule, DNA, at the same time (Hamperl and Cimprich, 
2016). While transcription occurs throughout the cell cycle, replication takes place only once per 
cell cycle, during S phase, which renders the genome particularly vulnerable in this phase of the 
cell cycle. Not only is the ssDNA generated during S phase topologically less stable than dsDNA, 
but it is also exposed to the risk of collision of replication polymerases with RNA polymerases 
(Garcia-Muse and Aguilera, 2016) (Hamperl and Cimprich, 2016). From bacteria to human, 
organisms have developed various mechanisms to prevent these collisions and their consequences 
(Garcia-Muse and Aguilera, 2016), which include incomplete replication (Garcia-Muse and 
Aguilera, 2016), DNA breaks (Hoffman et al., 2015) (Garcia-Muse and Aguilera, 2016), 
hyperrecombination, increased mutation rates (Prado and Aguilera, 2005), and the generation of 
chromosomal fragile sites, i.e. hotspots for translocation (Helmrich et al., 2011) (Glover et al., 
1984). The genome instability provoked by these collisions can lead to cell death (Felipe-Abrio et 
al., 2015) and/or contribute to cellular transformation, as is often the case in cancer cells (Bartkova 
et al., 2005) (Srinivasan et al., 2013). Clearly, it is crucial to keep both transcription and replication 
in check if there is a chance that they can encounter each other (Hamperl and Cimprich, 2016).  

HU-induced replication stress leads to local removal of RNAP II from chromatin 

Several studies in yeast, including our own in Chapter 6, have shown that HU-induced replication 
stress triggers the eviction of the RNAP II machinery from chromatin (Poli et al., 2016) (Korthout 
et al., 2018) (Voichek et al., 2018). Taken together, these studies show that several subunits of the 
RNAP II complex, as well as several subunits of its accessory transcription factor complex PAF1, 
are evicted at genes near early firing origins (Poli et al., 2016) (Korthout et al., 2018). In Chapter 6 
we show that in MEC1+ sml1∆ cells, more than 10 subunits of the mediator complex, which binds 
RNAP II and promotes enhancer interaction (Jeronimo and Robert, 2017), are evicted from 
chromatin when cells are exposed to HU. A less reliable data set in mec1∆ sml1∆ cells suggests that 
the eviction of mediator is not mec1-dependent (not shown in Chapter 6). These findings suggest 
that under conditions of HU-induced replication stress RNAP II and its multicomponent 
cofactors are removed from chromatin in sml1∆ cells to terminate transcription and prevent 
collision with the replication fork. While the removal of bulky complexes on DNA that control or 
mediate transcription seems to be an efficient way to free the DNA template for replication fork 
passage, one can image that there are key components of each complex whose removal is sufficient 
to ensure that the other components fall off. Potentially, the absence of Rpb1, the catalytic subunit 
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of the RNAP II complex, which has been shown to be transiently degraded on HU (Chapter 6 
and (Poli et al., 2016)), is sufficient to disassemble the entire RNAP II complex. Similarly, the Ctr9 
subunit of the Paf1 complex, which serves as a binding platform for the other components (Xu et 
al., 2017) (Jaehning, 2010) may be able prevent the assembly of Paf1C. Key stabilizer roles may be 
played by other components as well. Evidently, the depletion of Rpb1 and Paf1 coincide at one 
locus on HU (Poli et al., 2016). 
Besides the possibility that a component of Paf1C is actively evicted, it is likely that the absence of 
RNAP II from HU treated chromatin may prevent Paf1C engagement. Since Paf1C has been 
shown to be involved in transcription of rDNA by RNA polymerase I as well, and since RNAP I 
has not been shown to be evicted upon replication stress, rDNA may be a locus of interest for 
examining Paf1C eviction independently of polymerase degradation.  
In yeast cells expressing Rpb1 point mutants that stay bound to chromatin on HU (Felipe-Abrio 
et al., 2015), and in mec1-S1991A mutants on HU (Chapter 6), replication fork progression is 
partially compromised. Replication defects can be observed by quantifying replication fork speed, 
the efficiency of origin firing and indirectly by the level of hyper-recombination events (Prado and 
Aguilera, 2005) (Felipe-Abrio et al., 2015). Taken together, our results show two things: 1) 
transcription shutdown and removal of the transcription machinery from chromatin is required 
for faithful replication, and 2) the unperturbed activity of the Mec1 checkpoint is required for 
transcription shutdown on HU-induced replication stress.  

Figure 7.1. Failure to evict RNAP II causes transcription-replication polymerase collision and 
genome instability. Adapted from (Felipe-Abrio et al., 2015). Mutants in the catalytic subunit of RNAP 
II are retained on chromatin, as compared to wild-type cells. This leads to a block of replication, recovery 
from which usually requires fork restart by homologous recombination. Extensive recombination, on the 
other hand, can increase genomic instability. 

Both RNAP II and RNAP III are removed from chromatin 

While RNAP I transcribes the rDNA (Zhang et al., 2009) and RNAP II is the RNA polymerase 
for genes and transposon repeats, RNAP III is responsible for the transcription of small, abundant 
untranslated RNAs, such as tRNA (Harismendy et al., 2003). In Chapter 6, we find that both RNA 
pol II and pol III are evicted from chromatin upon replication stress. We see that tRNA gene 
transcription is downregulated on HU, consistent with the fact that the eviction of RNAP III leads 
to a local shutdown of transcription.  
Other studies in yeast have also examined the regulation of RNAP III in the face of replication. 
One study showed that on HU, RNAP III is evicted from tRNA genes in a checkpoint-dependent 
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manner (Nguyen et al., 2010). The authors propose that the signaling cascade goes through Mec1 
and Rad53, which parallels our findings on the regulation of RNAP II.  In this case, however, the 
authors suggest that Rad53 activates Maf1, a suppressor of tRNA gene transcription. This is 
distinct from the mechanism we propose for RNAP II regulation, as we have genetically excluded 
an effect of Maf1. 
Another study, currently available as a preprint, investigated why tRNA is an obstacle to replication 
(Yeung and Smith, 2020). The authors suggest that simply the presence of the RNAP III complex 
at tRNA genes, and not its transcriptional activity, is required for blocking replication (Yeung and 
Smith, 2020). Two conclusions follow from this observation: 1) movement of the obstacle does 
not aggravate the consequences of collision, it just has to be bound to DNA with a certain affinity 
and 2) this cannot apply if engagement of the polymerase is coupled to or dependent on its 
transcriptional activity.  
In contrast to this study, another study assumes that RNAP III presence on chromatin is coupled 
to transcriptional activity (Lesniewska et al., 2019). The authors studied the fate of RNAP III under 
metabolic stress conditions, which also lead to transcription shutdown due to limiting GTP 
concentrations (Lesniewska et al., 2019). The authors suggest that transcriptional activity is 
terminated first, then the RNA polymerase falls off chromatin, and that this is followed by 
ubiquitylation and proteasomal degradation of its catalytic subunit Rpc160 (Lesniewska et al., 
2019). Factors that contribute to the regulation of RNAP III degradation under stress conditions 
besides ubiquitylation, are the Cdc48/p97 segregase and SUMOylation (small ubiquitin-like 
modifier) (Wang et al., 2018). 
While this study investigates RNAP III regulation during metabolic stress, a study mentioned 
earlier monitored the abundance of several subunits of the RNAP III complex after 1-2h of HU-
induced replication stress. The authors did not see changes in the abundance of Rpc160 or any 
other subunits at these time points by Western blotting (Nguyen et al., 2010), suggesting that the 
two scenarios are different. This may reflect the fact that the Mec1 checkpoint is not involved in 
metabolic change induced RNAP III shutdown. Nonetheless, we observe that both RNAP II and 
III are evicted from chromatin on HU, and both can be degraded under certain conditions. RNAP 
II is transiently degraded and resynthesized on HU (Poli et al., 2016) and throughout the cell cycle 
(Chapter 6), while RNAP III is degraded upon metabolic shift-induced transcription shutdown 
thanks to low GTP (Lesniewska et al., 2019). 

Why degrade RNA polymerase? 

Another recent study suggested that the presence of RNAP III bound to tRNA or 5S RNA genes 
(in yeast) blocks replication, and that the transcriptional activity of RNAP III is not required for 
impaired replication (Yeung and Smith, 2020). This finding suggests that RNA polymerase eviction 
from chromatin is sufficient to remove the physical obstacle to DNA replication, while 
transcriptional shutdown is a side effect. If eviction is sufficient, this implies that degradation is 
not necessary. Moreover, we note that the degradation of Rpb1 observed on HU or UV is only 
transient and recovers quickly (Poli et al., 2016) (Heckmann et al., 2019). However, even partial 
depletion of the free pool of the catalytic subunit of an RNA polymerase complex, decreases the 
chance for reloading of a functional complex on chromatin. It also effectively shuts down 
transcription, minimizes the generation of torsional stress, and prevents stabilization of a complex 
that could block replication fork progression. Even the transient partial degradation of Rpb1 on 
HU by 30-60% decreases the probability for the presence of a stable RNAP II complex on 
chromatin. Such a mechanism may be able prevent 30-60% of the conflicts and subsequent DNA 
breaks and recombination events, which is valid justification for its presence.  

168



Figure 7.2. The free pool of RNA polymerase may control reloading. Adapted from (Poli et al., 2016). 
Upon collision with the replication fork on HU, RNAP II is transiently degraded in a proteasome-
dependent manner. Similarly, the catalytic subunit of RNAP III can be degraded by the proteasome after 
eviction (Lesniewska et al., 2019). Likely, depletion of the free pool of essential RNAP subunits decreases 
the rate of reloading, which helps to shutdown transcription and/or prevent DNA damage under 
conditions of replication stress.  

The role of RNA polymerase homeostasis and epigenetic marks 

The action of RNA polymerase II, which is well-studied, is thought to be a cycle of initiation, 
elongation, termination and release (Jaehning, 2010). Because this cycle could potentially be 
influenced at different steps with the same result, it is important to discuss indirect mechanisms 
by which Mec1 could regulate RNAP II occupancy. Therefore, what we call “eviction” is a net 
shift of the RNA polymerase equilibrium towards its non-engaged or non-transcribing form. One 
can imagine two different scenarios leading to the same outcome: 1) decreasing RNAP II 
engagement/initiation, and 2) promoting RNAP II release. Transient degradation of Rpb1 clearly 
acts through decreasing RNAP II engagement. The question arises, how could Mec1 mediate this 
through protein modification?  Is it direct or does it involve epigenetic marks on histones as well 
? 
A study on the regulation of gene expression during an unperturbed vs HU-stressed S phase 
proposes a model in which H3K56 acetylation suppresses gene expression after passage of the 
replication fork, by attenuating the post-replication recovery of other histone marks, such as H3K4 
methylation (Voichek et al., 2018). Activation of the replication checkpoint upon exposure to HU 
leads to prolonged stabilization of H3K56 acetylation and downregulation of RNAP II 
transcription (Voichek et al., 2018). The authors suggest that Mec1 regulates histone modifications 
through the Paf1 complex, which is phosphorylated in a Mec1-dependent manner under HU 
conditions (Poli et al., 2016). Inhibition of Paf1C leads to less H3K4 methylation due to a loss of 
Paf1C-mediated stimulation of COMPASS. In addition, there may be a direct effect of the 
replication checkpoint on H3K56 acetylation, which may disturb H3K4 methylation by its 
presence and may dilute other marks by increasing histone turnover (Voichek et al., 2018).  

There are multiple hypotheses around the question whether transcription initiation or termination 
is affected by the checkpoint. To address this, it is relevant to ask what H3K56 acetylation does to 
RNAP II in S phase. A study in yeast investigating the effect of H3K56 acetylation found that this 
modification can exert different functions in different cell-cycle phases. It is generally assumed 
that H3K56 acetylation (H3K56ac) keeps chromatin open behind the replication fork for post 
replicative repair (Munoz-Galvan et al., 2013). In Topal et al. (2019) the authors report that 
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H3K56ac has a major impact on transcription initiation, as well as on elongation and termination 
(Topal et al., 2019). It may, in fact, exert its repressive function on transcription by promoting 
efficient nucleosome assembly. This would counteract promiscuous transcription happening 
behind the fork upon blocked nucleosome assembly (Topal et al., 2019). Thus, upregulation of 
H3K56ac may be linked to the Mec1-mediated decrease in transcription and the transient 
degradation of Rpb1 on HU. We propose as well that transcriptional elongation and termination 
are reduced due to the eviction and/or degradation of the Paf1 complex (Jaehning, 2010). It 
remains unclear whether Paf1C eviction proceeds the eviction of RNAP II.  

Figure 7.3. The replication checkpoint may regulate transcription through epigenetic marks. 
Adapted from (Voichek et al., 2018) and (Poli et al., 2016). HU-induced replication slow down activates the 
replication checkpoint, which leads to stabilization of H3K56 acetylation, reduced H3K4 methylation and 
concurrent downregulation of transcription by RNAP II. 

What is the contribution of the Mec1-S1991 phosphorylation to transcriptional regulation? 

Mec1-S1991 phosphorylation is induced during the progression of an unperturbed S-phase and is 
up-regulated upon exposure to HU in S phase; the site is not phosphorylated in G1 phase (Hustedt 
et al., 2015). This suggests that this site has an S phase-specific function related to HU-induced 
replication damage. The fact that we observe increased sensitivity to HU in a drop assay when the 
serine is mutated to alanine, but wild-type sensitivity when it is replaced by aspartic acid, which 
mimics phosphorylation (Chapter 6) suggests that the negative charge associated with 
phosphorylation helps cells cope with HU-induced damage.  
Because S1991 is located between the FAT and the kinase domain of Mec1, it is likely that a 
negative charge on S1991 activates the kinase domain either directly or indirectly through 
interaction-induced conformational changes. This is highly reminiscent of the auto phosphorylated 
residue at this same location in mammalian ATR (Nam et al., 2011) (Liu et al., 2011)). This 
interaction could 1) be internal between different domains of Mec1 or 2) between Mec1 and one 
or multiple other proteins. Modulation of internal interaction could be between the Mec1 FAT 
and the Mec1 kinase domain, which are in proximity to each other in the 3D structure with Mec1-
S1991 in between the domains (Wang et al., 2017). Alternatively, it could directly affect the kinase 
activity by influencing the activation loop of the kinase domain, which is protected by the FATC 
domain (Wang et al., 2017), and which interacts with the FAT domain (Hustedt et al., 2013). It has 
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been proposed that FAT and FATC domain together build an interaction platform for multiple 
other proteins, which suggests that Mec1-interaction partners may be influenced by the S1991A 
mutation. 
Both the absence of Rad53 as well as a kinase-dead Mec1 prevents the phosphorylation of Mec1-
S1991 on HU (Hustedt et al., 2015). This suggests that either the site is activated in a feedback 
loop through Rad53, which has been previously activated by Mec1, or it could be a site of 
autophosphorylation, which is triggered by binding to Rad53 itself or to a Rad53 target.  We have 
been unable to resolve this point despite extensive efforts in part due to the inactivity of 
recombinant Mec1 and its large size. 
In summary, the contribution of Mec1-S1991 phosphorylation or at least its mutation to a residue, 
which does not accept phosphorylation, likely reflects a conformational change that either alters 
the active site of the kinase or alters partners important for Mec1 targeting (Deshpande et al., 2017; 
Wang et al., 2017). We do not exclude that a single adaptor protein might recognize S1991-p in a 
charge-dependent manner.  
While the mec1-S1991D mutant behaves like wild-type MEC1+ cells, the mec1-S1991A strain is 
sensitive to both Zeocin and hydroxyurea (Hustedt et al., 2015). Zeocin causes oxidative damage, 
as well as single and double strand breaks while HU causes damage associated with replication 
stress. Though Zeocin could potentially produce S-phase damage as well, we hypothesize that 
mec1-S1991A may alter interactions with more than one adapter protein. On the other hand, the 
sensitivity to Zeocin appears to be manifest primarily in S phase cells, suggesting that the 
mechanisms through which it facilitates cell survival may be similar.  

Postscript 

The studies presented in this thesis cover two completely different topics 1) the role of actin in 
DNA repair in yeast and mammalian cells, and 2) the role of a Mec1 phosphorylation site in 
regulating transcription-replication conflicts. My contribution to the studies presented helped us 
obtain detailed insights into the biological processes and helped to rule out alternative hypothesis 
and artifacts. The picture we get on both the role of actin in yeast repair and the role of the Mec1 
phosphorylation site in transcription regulation are detailed enough to suggest models of action 
that are novel to the scientific community. On top, our observations on the cytoskeletal control 
of mammalian repair factor dynamics may inspire other laboratories with more expertise on 
mammalian base excision repair to follow up on our observations. 
Overall, my work not only covered vastly different topics, but it also required a broad set of skills 
in different areas using different cellular models. Multidisciplinarity and the lack of specific tools 
for investigating actin, were my greatest challenges.  
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APPENDICES 

List of abbreviations 
8-oxoG 8-oxoguanine
9-1-1 Checkpoint clamp consisting of Rad9-Hus1-Rad1
ACTL6 Actin-like protein 6
ADP Adenosine diphosphate
AP site Apurinic/apyrimidinic site
APE1 AP site endonuclease 1, human
Apn1/2 AP-site endonuclease 1/2, yeast
AP-site Apurinic/apyrimidinic site
ARP Actin-related protein, human
Arp2/3 Actin-related protein 2/3
Arp4 Actin-related protein 4
ARPs Actin-related proteins
ATM Ataxia telangiectasia mutated
ATP Adenosine triphosphate
ATR Ataxia telangiectasia and Rad3 related, checkpoint kinase
BER Base excision repair
Bfa1 Bfa1 Byr-four-alike 1 (subunit of a GTPase activating protein)
BSA Bovine serum albumin
Bub2 Budding uninhibited by benzimidazole 2 (subunit of a GTPase activating protein)
Cdc45 Cell division cycle 45 (replication initiation factor)
Cdc6 Cell division cycle 6 (ATP binding protein, required for replication)
Cdc9 Cell division cycle 9, DNA Ligase I
Cdk1 Cyclin dependent kinase 1
Cdt1 Cdc10 dependent transcript 1
ChIP Chromatin immunoprecipitation
Chk1 Checkpoint kinase 1
Cip1 Cdk1 interacting protein 1 (Cdk inhibitor)
Clb Cyclin B (B-type cyclin involved in cell cycle regulation)
Cln Cyclin N (N-type cyclin involved in cell cycle regulation)
CMB TOR kinase inhibitor
Crt1 constitutive RNR transcription 1
CytD Cytochalasin D (inhibitor of actin polymerization)
Dbf4 dumbbell former 4 (involved in the regulation of replication)
Ddc1 DNA damage checkpoint 1
Ddc2 DNA damage checkpoint 2 (Mec1 cofactor)
Dif1 Damage regulated import facilitator 1 (regulates localization of Rnr2/4)
DNA Deoxyribonucleic acid
Dna2 DNA synthesis defective 2 (nuclease-helicase)
dNTP Deoxyribonucleotide triphosphate
Dpb11-Sld2 DNA polymerase B 11-synthetically lethal with dpb11-1 (involved in replication initiation) 
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DSB Double strand break 
Dun1 DNA-damage uninducible 1 (checkpoint kinase) 
E. coli Escherichia coli 
F-actin Filamentous actin 
FAT FRAP, ATM, TRRAP 
FATC C-terminal FAT domain
FEN1 Flap endonuclease 1, human
FRAP FKBP12 rapamycin complex associated protein
G1 Gap1 phase
G-actin Globular actin
GFP Green fluorescent protein
GINS Go-ichi-ni-san, Japanese numbers 5-1-2-3 (essential for replication initiation)
G-
quadruplex Guanine quadruplex (DNA structure) 

GSH Glutathione 
GTP Guanosine triphosphate 
H3 Histone H3 
H3K4me Histone H3 methylated on lysine K4 
H3K56ac Histone H3 acetylated on lysine K56 
HAT Histone acetyl transferase 
HCT116 Human colorectal carcinoma cell line 
HDFn Human dermal fibroblasts, neonatal 
HDR Homology directed repair 
HEAT Huntingtin, EF3, PP2A, TOR1 
HeLa Cell line of human origin (Henrietta Lacks) 
Hoechst DNA binding dye (originally blue) 
HR Homologous recombination 
HU Hydroxyurea (inhibitor of ribonucleotide reductase) 
INO80 Inositol requiring 80 (chromatin remodeling ATPase) 
kDa Kilodalton (unit) 
Las17 Lateral suppressor 17 
LatA/B Latrunculin A/B 
LINC Linker of nucleoskeleton and cytoskeleton 
Maf1 Mitochondrial association factor 1 (negative regulator of RNAP II) 
MAL Megakaryocytic acute leukemia protein (also termed MKL1) 
MBF MluI cell-cycle box (MCB) binding factor 
Mcm2-7 Mini chromosome maintenance 2-7 (involved in replication) 
Mec1 Mitosis Entry Checkpoint 1 
mec1-100 S-phase defective Mec1 mutant allele (F1179S, N1700S)
Mec3 Mitosis Entry Checkpoint 3
MEFs Mouse embryonic fibroblasts
MKL1 Megakaryoblastic leukemia protein 1
MMS Methylmethane-sulfonate
Mps2/3 Monopolar spindle protein 2/3
Mrc1 Mediator of the replication checkpoint 1
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mRNA messenger RNA 
MRTF-A Myocardin-related transcription factor A 
NHEJ Non-homologous end joining (type of DSB repair) 
Noc Nocodazole (inhibitor of microtubule polymerization) 
Nrm1 Negative regulator of MBF targets 1 
Ntg1/2 Endonuclease three-like glycosylase 1/2 
NuA4 Nucleosome acetyltransferase of histone H4 
Ogg1 8-oxoG DNA glycosylase 1 (BER enzyme)
ORC Origin recognition complex (DNA replication)
ORI Origin of replication
PAF1C RNA polymerase II associated factor 1 complex
Pan1 Part of actin cytoskeleton 1
PCNA Proliferating cell nuclear antigen
Pds1 Precocious dissociation of sisters 1
PFGE Pulsed field gel electrophoresis
phalloidin F-actin binding phallotoxin
PI3K Phosphoinositide 3-kinase
Pif1 Petite integration frequency 1 (DNA helicase, G-quadruplex unwinder)
PIKK PI3K-related kinase
POLβ Human DNA polymerase β
PP4 Protein phosphatase 4
pre-RC pre-replication complex
PTM Post-translational modification
Rad1 Radiation sensitive 1 (ssDNA endonuclease)
Rad17 Radiation sensitive 17 (checkpoint protein)
Rad24-RFC Radiation sensitive 24-replication factor c (S-phase checkpoint, replication) 
Rad27 Radiation sensitive 27, flap endonuclease 
Rad53 Radiation sensitive 53 (DNA damage checkpoint kinase) 
RanGTP Ras-related nuclear protein (GTP-bound form) 
rDNA Ribosomal DNA 
RFP Red fluorescent protein 
RNA Ribonucleic acid 
RNAP RNA polymerase 
RNAP 
II/III RNA polymerase II/III 

RNaseH Ribonuclease H (degrades RNA) 
RNR Ribonucleotide reductase 
RPA Replication protein A (binds ssDNA) 
Rpb1 RNA polymerase 1 (RNAP II catalytic subunit), also termed RPO21 
Rpc160 RNA polymerase III largest subunit C160 
Rrm3 rDNA recombination mutation 3 (DNA helicase) 
S phase Synthesis phase 
SBF Swi4-Swi6 cell-cycle box (SCB) binding factor 
SCD SQ/TQ cluster domain 
Sgs1 Slow growth suppressor 1 (RecQ helicase) 
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Sld2 Synthetically lethal with Dpb11-1 2 (involved in replication initiation) 
Sld3 Synthetically lethal with Dpb11-1 3 (involved in replication initiation) 
Sml1 Suppressor of mec1 lethality (RNR inhibitor) 
SRF Serum response factor (transcription factor) 
ssDNA Single stranded DNA 
SUMO Small ubiquitin-like modifier 
Tel1 Telomere maintenance 1 (telomere regulation, damage checkpoint) 
TIP60 60 kDa tat-interactive protein (human), catalytic subunit of NuA4 
Top1/2 Topoisomerase 1/2 (relieves torsional strain in DNA) 
Torc1/2 Target of rapamycin complex 1/2 (kinase) 
Tra1 Similar to human TRRAP 1 (subunit of SAGA and NuA4 HAT) 
Trf4 (Pap2) Topoisomerase 1-related factor, poly(A) polymerase 
TRRAP Transformation/transcription domain associated protein 
U2OS Human bone osteosarcoma cell line 
UV Ultraviolet (used for light in the low nm range) 
WASP Wiskott-Aldrich syndrome protein 
Wnt Wingless-related integration site (receptor ligand, developmental factor) 
XRCC1 X-ray cross-complementing protein 1
YCS Yeast chromosome shattering (chromosome fragmentation)
Zeocin Radiomimetic drug, antibiotic, oxidative damage causing agent
γH2AX Histone H2AX phosphorylated on S139 (DNA damage checkpoint marker)
γIR γ-irradiation (ionizing radiation)
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